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PREFACE 


Soon  after  its  founding  in  1952,  the  Advisory  Group  for  Aerospace  Research  and  Development  recognized  the 
need  for  a  comprehensive  publication  on  flight  test  techniques  and  the  associated  instrumentation.  Under  the  direction 
of  the  AGARD  Flight  Test  Panel  (now  the  Flight  Mechanics  Panel),  a  Flight  Test  Manual  was  published  in  the  years 
1954  to  1956.  The  Manual  was  divided  into  four  volumes:  I.  Performance,  11.  Stability  and  Control,  III.  Instrumentation 
Catalog,  and  IV.  Instrumentation  Systems. 

Since  then  flight  test  instrumentation  has  developed  rapidly  in  a  broad  field  of  sophisticated  techniques.  In  view 
of  this  development  the  Flight  Test  Instrumentation  Group  (now  the  Flight  Test  Techniques  Group)  of  the  Flight 
Mechanics  Panel  was  asked  in  1968  to  update  Volumes  III  and  IV  of  the  Flight  Test  Manual.  Upon  the  advice  of  the 
Group,  the  Panel  decided  that  Volume  III  would  not  be  continued  and  that  Volume  IV  would  be  replaced  by  a  series 
of  separately  published  monographs  on  selected  subjects  of  flight  test  instrumentation:  the  AGARD  Flight  Test 
Instrumentation  Series.  The  first  volume  of  the  Series  gives  a  general  introduction  to  the  basic  principles  of  flight  test 
instrumentation  engineering  and  is  composed  from  contributions  by  several  specialized  authors.  Each  of  the  other 
volumes  provides  a  more  detailed  treatise  by  a  specialist  on  a  selected  instrumentation  subject.  Mr  W.D.Mace  and 
Mr  A.P00I  were  willing  to  accept  the  responsibility  of  editing  the  Series,  and  Prof.  D.Sosman  assisted  them  in  editing  the 
introductory  volume.  In  1975  Mr  K.C.Sanderson  succeeded  V'r  Mace  as  an  editor.  In  1981  Mr  R.W.Borek,  Sr.,  replaced 
Mr  Sanderson.  AGARD  was  fortunate  in  finding  competent  editors  and  authors  willing  to  contribute  their  knowledge 
and  to  spend  considerable  lii.ie  in  the  preparation  of  this  Series. 

Special  thanks  and  appreciation  are  extended  to  Professor  T.  van  Oosterom,  The  Netherlands.  Professor  van 
Oosterom  chaired  the  Group  from  its  inception  in  1968  until  1976  and  established  many  of  the  ground  rules  under 
which  the  Group  still  operates.  The  Group  also  appreciates  the  efforts  of  the  late  Mr  N.O.Matthews,  UK,  who  chaired 
the  Group  during  1977  and  1978. 

It  is  hoped  that  this  Series  will  satisfy  the  existing  need  for  specialized  documentation  in  the  field  of  flight  test 
instrumentation  and  as  such  may  promote  a  better  understanding  between  the  flight  test  engineer  and  the  instrumentation 
and  data  processing  specialists.  Such  understanding  is  essential  for  the  efficient  design  and  execution  of  flight  test 
programs. 

The  efforts  of  the  Group  members  (J .Moreau  and  N.Lapchine  CEV/FR,  H.Bothe  DFVLR/GE,  J.T.M.  van  Doom 
and  A.Pool  NLR/NE,  E.J.Norris  AAAF.E/UK,  and  R.W.Borek,  Sr.  NASA/US)  and  the  assistance  of  the  Flight  Mechanics 
Panel  in  the  preparation  of  this  Series  are  greatly  appreciated.  Credit  is  due  to  former  Group  Member  Mr  K.C.Sanderson, 
US,  who  served  as  an  editor  during  the  preparation  of  this  volume. 


F.N.STOUKER 

Member,  Flight  Mechanics  Panel 
Chairman,  Flight  Test 
Techniques  Group 
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and  distributed.  This  volume  does  not  include  specific  references  to 
AGARDofraph  254,  but  it  is  a  valuable  reference,  particularly  for  NMR 
gyros  (pete  1 3),  modem  flexible  joints  for  DTGe  (pete  SSI,  comparative 
diecuesion  of  optical  tyros  (pate  $9),  computation  of  error  terms  in  7.4,2 
(pete  151)  and  the  problem  of  transfer-alitnaent  Rom  a  master  to  a  slave 
system  in  7.6.1  (page  155). 
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angle  to  describe  quaternion.  Fig.  7.4.10 

plotfom  rotation  angle  of  Oelco  systtn,  rig.  7.4.3 

misalignment  angle  batsmen  torquor  axes  and  reference  axes.  Fig.  3.2.S 

angle  batsman  rotor  reference  axis  and  magnetic  field  vector.  Chapter  3 

angle  batsmen  gravitation  vector  6  and  gravity  vector  j,  Fig.  2.1 

angle  to  describe  quaternion.  Fig.  7.4.10 

angle  to  describe  quaternion.  Fig.  7.4.10 

sign  to  describe  an  error,  e.g.  4V  •  velocity  error 

sign  to  describe  a  difference,  e.g.  6S  ■  distance  from  starting  point 

error  angle,  misalignment  of  platform  or  strapdown  system  with  respect 
to  navigational  frame  or  Integral  gyro  drift 

damping  constant,  Eq.  (3.2.36),  (3.4.6) 

deflection  of  the  vertical  about  north-south  axis.  Fig.  2.4  and  Eq. 

(2.33) 

gyro  plckoff  angle.  Chapter  3,  4,  Fig.  3.2.3 
pitch  angle,  Chapters  6,  7,  8,  6 

rotation  of  polarisation  plane  of  light  beam,  Eq.  (3.6.14) 
relative  scale  factor  error  >  SS/S,  Eq.  (3.2.46) 
eigenvalue  of  unstable  vertical  channel,  Eq.  (7.3.38) 
geographic  longitude 
wavelength  of  light 

x 


A  [rad] 


celestial  longitude  •  \  ♦  0t,  Eq.  (2.23b) 
position  angle  In  pseudo  polo  coordinate  frame,  Fig.  7.4.4 
friction  coofflclont,  Chapter  J 
v  [rod/*]  frequency  of  light,  Eq.  (1.5.7) 

t  [rod]  deflection  of  the  vertical  about  Hit-Mtt  axis,  Fig.  2.4  and 

Eq.  (2.3.5) 

*  awl  tipi Icatlon  mode,  Fig.  3.3.2,  3.3.5 
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o 

o  [rad] 

t  1*1 
i  ;*i 
T  [«] 

To  1*1 

«F  [rad] 
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♦  [r*4 

e  [rad] 
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♦  [,«<! 
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X  [rad] 
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*  [rad] 
u  [rad/s] 
un  [rad*  s] 
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a  [rad/s] 
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correlation  factor,  Fig.  7.3.9 
standard  deviation 

position  angle  In  pseudo  pole  coordinate  frame.  Fig.  7.4.4 
Integration  tlaw 
life  time,  Fig.  7.4.9 
time  constant,  Eq.  (7.4.4) 

time  constant  due  to  fluid  mass  coupling,  Eq.  (3.3.7) 

geographic  latitude,  Fig.  2.1 

geocentric  latitude,  Fig.  2.1 

phase  shift,  Eq.  (3.5.3)  and  (7.4.46) 

roll  angle 

angular  displacement  of  gyro  with  respect  to  Inertial  space,  Eq.  (3.4.6) 

pulse  weight,  Chapter  4 

attitude  angle  vector,  Eq.  (5.1.1) 

transition  matrix,  Eq.  (7  3.S) 

total  out-of-alignment  angle  between  gyro  frame  and  reference  frantt. 
Figs.  3.2.3.  3.2.4  and  Eq.  (3.2.12) 

matrix  In  quaternion  computation,  Eq.  (7.4.40) 

yaw  angle 

angular  rata 

natural  frequency.  Eq.  (3.2.35) 
nutation  frequency.  Eq.  (3.6.8) 

Schuler  frequency.  Eq.  (7.3.1) 
coning  motion  frequency.  Fig.  7.4.11 
magnitude  of  earth  rate.  Eq.  (2.21) 

•  0  ♦  1/2,  Eq.  (7.2.5) 
w  x  matrix,  Eqs  (3.2.9),  (7.4.12) 


Subscripts  Indicate  the  reference  coordinate  frame,  axes  orientation  and  directions 
a  wander  axlmuth  coordinate  frame.  Fig.  7.4.1 

b  body.  Section  7.4.4. l 

c  related  to  center  of  the  earth 

0  down  axis  In  navigational  coordinate  frame.  Fig.  2.1 

c  earth-fixed  coordinate  frame.  Fig.  2.! 
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Hst  Ml*  In  navigational  coordinate  fro*,  Fig.  2.1 

gyro  coordinate  fram.  Fig.  3.2.1 

horizontal.  Fig.  7.4.3 

Inertial  coordinate  fraee,  Fig.  2.1 

duaaay  subscript,  Table  3.2.2 

Input  axis.  Fig.  3.2.1 

duaaay  subscript.  Table  3.2.2 

derivation  of  Magnetic  field.  Eg.  (3.2.3) 

pseudo  pole  coordinate  fraee,  Fig.  7.4.4 

navigational  coordinate  frame,  Fig.  2.1 

north  axis  In  navigational  coordinate  fraaw.  Fig.  2.1 

output  Mis,  Fig.  3.2.1 

platform,  Chapter  5 

gyro  case  reference  coordinate  fraaw.  Fig.  3.2.4 
rotor-fixed  coordinate  fraaw,  Eq.  (3.2.3) 
spin  axis.  Fig.  3.2.1 

torque  generator  coordinate  fraaw.  Fig.  3.2.5 

vertical.  Fig.  7.4.3 

directions  of  coordinate  frame  axes 


Superscripts 

one  superscript  Is  used  for  physical  criteria 
a  acceleroawter.  Section  7.6 
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anlsoelastldty,  Eq.  (3.2.31) 

asymmetry  error  of  scale  factor,  Eq.  (3.2.46) 

dimaay.  superscript  In  Eq.  (3.5.16) 

duaaay  superscript  In  Eq.  (3.5.16) 

diaeay  superscript  In  Eq.  (3.5.16) 

constant  value:  Eq.  (3.2.46) 

cross  coupling:  Table  3.2.1b 

Doppler,  Chapter  3 

dither.  Section  3.5.4 

fixed  value.  Sections  3.2  and  3.5.4 

friction,  Eq.  (3.2.37) 

Faraday,  Section  3.5 
gyro.  Chapters  3.7 
hunting,  Eq.  (3.2.33) 

Magnetic  field  coefficient,  Section  3.5.4 
duaaay  superscript 
Input,  Eq.  (3.4.2) 
anlsolnertla.  Table  3.2.1b 
duway  superscript 
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linearity  •rror  of  sc»l«  f»ctor,  Eq.  (3.4  2) 
lock-in  rate,  Section  3.S 
maximum,  Chapter  4 
•agnatic  field  vector,  Eq.  (3.2.4) 

misalignment,  Tables  3.2.1a,  3.2.2a 
ncnllnaarlty  error  of  scale  factor,  Eq.  (3.4.2) 
nutation.  Chapters  3,  5 
pulse,  Chapter  4 

pseudo  coning,  Tables  3.2.1b,  3.2.2b 

platform.  Chapters  5,  7 

restraint  torque,  Eq.  (3.2.21) 

rotor,  Eq.  (3.2.4) 

readout,  Chapter  4 

random  walk.  Section  3.S.4 

scale  factor.  Tables  3.2.1a,  3.2.2a 

spin,  Eq.  (3. 2.5a) 

spring  rate  coupling,  Eq.  (3.2.39) 

Schuler,  Chapter  7 
sampling.  Chapter  4 
saw  tooth.  Chapter  4 
servo  loop.  Chapter  5 

comaand  torque  and  command  rate,  Eq.  (3.2.19) 

total  angular  momentum  of  a  gyro,  Eqs.  (3.2.1)  and  (3.2.6) 

transpose  of  a  matrix 

temperature  coefficient,  Section  3.5.4 

temperature  gradient  coefficient.  Section  3.5.4 

table.  Section  3.5.4 

unbalance.  Section  3. 2. 2.1 


two  superscripts  with  vectors  Indicate  the  direction  of  motion,  e.g. 

<uln  *  angular  rata  vector  of  the  navigational  coordinate  frame  with  respect 

to  the  Inertial  coordinate  frame,  measured  In  the  navigational  coordi¬ 
nate  frame  (as  Indicated  by  the  subscript);  the  superscripts  used  are 
those  of  the  coordinate  frames,  as  defined  above  under  “Subcrlpts" 


Other  symbols 

time  derivative  with  respect  to  Inertial  frame 
'  variable  In  the  Laplace  domain 

|  -  mean  value 

[  «*  x  computed  val  ue 

_  vector 

_  matrix 

\  *  amplitude 
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GYROSCOPIC  INSTRUMENTS  AND  THEIR  APPLICATION  TO  FLIGHT  TESTING 
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SUMMARY 

This  AGARCograph  Is  the  ISth  of  the  AGARD  Flight  Test  Instrumentation  Series  and  discusses  the  use  of 
gyroscoolc  Instruaents  to  support  flight  testing.  Gyroscopic  Instruments  are  used  In  flight  tests  to  Mea¬ 
sure  the  aircraft  angular  accelerations  and  rates,  attitude  and  heading  and  -  In  combination  with  accelero¬ 
meters  -  the  linear  acceleration,  the  ground  velocity  and  the  position.  This  volume  describes  the  measuring 
principles,  the  technical  lay-out  and  the  error  behaviour  of  the  sensors  and  systems  used  for  these  measu¬ 
rements:  Gyros,  accelerometers,  attitude  and  heading  references  and  Inertial  navigation  systems.  Attention 
Is  also  given  to  Integrated  and  hybrid  sensor  systems,  as  they  are  In  use  In  modem  Instrumentation  systems. 
Examples  of  actual  flight  Instrumentation  systems  are  described  and  the  requirements  for  the  gyroscopic 
sensors  In  these  systems  are  discussed  for  applications  In  aircraft  stability  and  control  flight  tests.  In 
performance  tests  and  In  airborne  and  ground  systems  calibration  and  testing.^ 

This  AGARDograph  has  been  sponsored  by  the  Flight  Mechanics  Panel  of  AGARD. 

1.  INTRODUCTION 

During  the  last  decade  the  requirements  for  the  Instrumentation  used  for  flight  testing  of  aircraft 
have  become  more  stringent  for  a  number  of  reasons.  First,  the  aircraft  to  be  flight-tested  -  especially 
the  new  generation  of  high  performance  air-to-air  combat  aircraft  -  and  their  avionics  system  have  become 
more  complex  with  respect  to  flying  qualities  and  performance.  Second,  flight  test  techniques  have  been 
developed  to  identify  aircraft  paraamters  In  dynamic  flight  conditions  In  order  to  reduce  flight  time  -  In 
contrast  to  the  steady  state  flight  test  procedures  employed  before.  Finally,  new  mathematical  tools  have 
been  developed  to  evaluate  the  flight  test  results  -  like  Kalman  filtering,  system  Identification,  etc. 

Using  these  tools  more  Information  about  the  aircraft  parameters  and  their  derivatives  can  be  extracted 
from  the  flight  test  data  If  these  data  are  sufficiently  accurate,  well  synchronized  and  contain  all  re¬ 
quired  frequencies. 

These  factors  make  the  design  of  an  Instrumentation  system  a  complex  task.  In  Volume  1  of  this  AGARDo¬ 
graph  [1.1]  the  basic  principles  of  flight  test  Instrumentation  engineering  have  been  described  In  detail. 
For  the  gyroscopic  Instruments  which  will  be  discussed  In  the  present  Volimm,  we  have  to  concentrate  on 
the  specific  problems  of  these  transducers,  their  measurement  principles,  range  and  frequency  response  and 
accuracy.  Gyroscopic  Instruments  are  used  for  measuring 


angular  rates;  In  an  aircraft  referenced  coordinate  syste 
flight  control  loops,  flight  test  transducers) 


(turn  rate  Instrumentation,  sensors  In 


-  angles;  In  an  earth  referenced  coordinate  system  (attitude  angles,  roll  and  pitch;  yaw  angle  or  head¬ 
ing).  The  gyros  are  used  to  store,  physically,  a  reference  frame  as  In  artificial  horizons.  In  atti¬ 
tude  and  heading  reference  systems  or  In  Inertial  platform  systems. 

For  angular  rate  measurement,  the  gyro  Is  mounted  on  the  aircraft  frame  and  the  sensing  element  •  the 
gyro  rotor  -  Is  subject  to  the  full  linear  motion  and  to  the  angular  motion  to  be  measured.  The  torque  re¬ 
quired  to  slave  the  rotor  to  the  vehicle's  angular  motion  Is  a  direct  measure  of  this  motion  and  is  con¬ 
verted  Into  the  output  signal .  For  angle  measurement,  use  Is  made  of  the  physics  of  a  gyro  with  rotational 
freedom  about  all  axes.  The  direction  of  Its  rotor  axis  stays  fixed  with  respect  to  the  fixed  stars,  unless 
a  torque  Is  applied  to  one  of  Its  transverse  axes.  The  rotational  freedom  Is  achieved  by  mounting  the  gyro 
In  a  set  of  gimbals  with  low  friction  bearings  or  stabilization  control  loops.  In  this  way  the  sensing  ele¬ 
ment  Is  Isolated  from  the  angular  motion  of  the  vehicle  and  subject  only  to  Its  linear  motion.  Thus,  the 
storage  of  a  reference  frame,  e.g.  north,  east  and  vertical.  Is  realized,  which  is  a  prerequisite  for 
carrying  out  angular  measurements  as  with  vertical  or  directional  gyros,  or  for  measuring  angular  motion 
and  linear  acceleration  with  the  gyro  stabilized  platforms  of  Inertial  navigation  system. 


The  development  of  vary  accurate  rate  sensors  with  digital  readout  aysti 
s  mads  It  possible  to  compute  the  reference  frame  by  Integration  of  the  i 


has  mads  It  possible  to  compute  the  reference  frame  by  Integration  of  the  angular  rates.  These  "sti 
systems  combine  both  measuring  functions  discussed  above  by  providing  the  angular  rates  as  wall  as 
tltude  and  heading  angles  with  high  accuracy. 


amt  and  of  fast  digital  computers 
angular  rates.  These  "strspdown" 
angular  rates  as  wall  as  tha  at- 


high  accuracy. 


An  Important  factor  Influencing  the  selection  of  the  gyroscopic  Instruments  for  flight  testing  Is  the 
frequency  spectrum  of  the  angular  rates  and  angles  to  be  measured.  Roughly  speaking.  In  flight  testing  one 
nay  distinguish  three  frequency  ranges: 

-  High  frequency  range  (up  to  100  Hz).  This  range  Is  of  Interest  mainly  in  aero-elasticity,  structural, 
vibration  and  flutter  studies. 


Medium  frequency  range  (up  to  10  Hz).  Main  Interest  Is  In  olrcraft  performance,  stability  and  control 
problems. 


V 


-  Low  frequency  range  (below  1  Hz).  Main  Interest  Is  In  avionics  and  navigation  system  testing. 

In  the  high  frequency  range  angular  and  linear  accelerometers  and  strain  gages  are  generally  used.  These 
will  be  covered  only  partially  In  this  voluse.  Gyroscopic  Instrumentation  Is  used  mainly  for  medium  and  low 
frequency  applications.  In  aircraft  performance,  stability  and  control  flight  tests  the  angular  rates,  the 
attitude  and  heeding  angles  and  the  linear  accelerations  In  the  medium  frequency  range  are  of  interest,  for 
the  flight  testing  of  avionics  and  navigation  systems,  the  attitude  and  heading  angles,  the  ground  velocity 
and  the  aircraft  trajectory  have  to  be  measured  accurately. 

The  contents  of  this  voline  are  presented  in  the  following  order:  In  the  second  chapter  the  basic  prin¬ 
ciples,  problws  and  limitations  of  inertial  measurements  (angular  and  linear  measurements)  are  discussed. 
In  the  third  chapter  the  measurement  principles,  technical  lay-out  and  perforemnee  of  the  Inertial  sensors 
are  discussed  (mechanical  and  laser  gyros  and  acceleometers).  The  accelerometers  are  discussed  only  brief¬ 
ly  because  a  separate  volume  of  this  AGAROograph  [1.2]  Is  entirely  devoted  to  these  sensors.  In  the  fourth 
chapter  special  attention  Is  olven  to  the  problem  of  accurate  digital  readout  of  Inertial  sensors.  In  the 
fifth  chapter  the  principles  nd  problems  of  the  use  of  gyros  for  platform  stabilization  are  discussed. 

The  sixth  chapter  describes  attitude  and  heading  reference  systems  and  the  seventh  chapter  inertial  plat¬ 
form  and  strapdown  systems.  In  the  eighth  chapter  the  principles  and  technical  lay-out  of  hybrid  systems 
are  discussed.  These  systems  have  the  highest  potential  for  accuracy,  but  complicated  software  has  to  be 
designed  to  obtain  full  benefit  of  this  potential,  finally,  in  the  ninth  chapter  a  survey  of  the  spectra 
of  applications  of  gyroscopic  Instruemnts  to  aircraft  flight  testing  is  given,  with  several  examples  of 
modem  systems  and  a  discussion  of  future  trends. 

The  Information  contained  In  the  present  voluoe  has  been  arranged  so  that  the  reader  Is  familiarized 
with  the  principles,  technical  realization  and  performance  of  gyroscopic  instruemnts  of  different  accuracy 
classes: 

Low  accuracy  transducers  (Chapters  3  and  6) 

-  Spring  restrained  gyros  and  acceleroaieters  with  accuracies  of  about  1  i  of  full  scale. 

-  Unaided  vertical  and  directional  gyros  with  accuracies  of  several  degrees. 

Medium  accuracy  transducers  (Chapters  3  and  6) 

-  Gyros  and  accelerometers  with  electronic  caging  loops  and  accuracies  of  about  0.1  X  of  full  scale. 

-  Velocity  aided  vertical  gyro,  gyroscopic  compass  systems,  attitude  and  heading  reference  systems  with 
accuracies  of  0.5  to  1  degree. 

High  accuracy  systems  (Chapters  4,  7  and  8) 

-  Inertia)  platform  and  strapdown  systems  providing  attitude  angles  within  0.1  degree,  heading  within 
0.2  to  0.5  degrees,  angular  rates  better  than  0.1  t  of  full  scale  (strapdown  systems),  ground  velo¬ 
city  within  3  m/s,  position  within  1  to  3  km  per  hour  of  flight  time  and  acceleration  better  than 
0.1  X  of  full  scale. 

•  Hybrid  reference  systems  with  higher  accuracies  than  those  of  Inertial  platform  and  strapdown  systems, 
depending  on  the  accuracy  of  the  sensors  used  to  aid  the  INS  (see  Chapter  8). 

Conventional  Instrumentation  systems  for  performance,  stability  and  control  flight  tests  In  most  cases 
use  three  accelerometers,  three  rate  gyros  and  a  vertical  and  a  directional  gyro  of  low  accuracy  (1  *  of 
full  scale  for  rate  and  acceleration,  and  a  few  degrees  of  error  for  the  angle  measuramints).  Modern  In¬ 
strumentation  systems  make  use  of  medium  to  high  accuracy  Inertial  transducers  and  Inertial  platforms  are 
coming  Into  general  use,  especially  for  the  performance  testing  of  high  performance  aircraft  In  dynmelc 
flight  conditions  [1.3  and  1.4] .  For  the  flight  testing  of  modem  avionics  and  navigation  systems  hybrid. 
Integrated  systems  are  required  In  order  to  achieve  the  required  high  accuracy  of  the  reference  systma. 

For  angular  rate  measurement  in  these  systems  either  rate  gyros  have  to  be  used,  or  the  platform  angles 
have  to  be  differentiated.  The  former  method  Is  preferred,  because  It  Is  more  precise.  With  the  Introduc¬ 
tion  and  successful  application  of  strapdown  systems,  the  complete  Information  can  be  obtained  from  one 
single  source:  the  accelerations,  angular  rates,  the  angles,  the  ground  velocity  and  position.  For  high 
precision  flight  testing  under  dynamic  conditions,  the  strapdown  system  will  be  the  Ideal  gyroscopic  In¬ 
strumentation  system.  For  covering  the  medium  and  low  frequency  range  external  measurements  of  velocity 
and  position  must  be  made  to  aid  the  strapdown  systems. 
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2.  PRINCIPLES  AND  PROBLEMS  OF  INERTIAL  MEASUREMENTS 


Newton's  1m  of  classical  mechanics  art  the  basis  for  Maturing  the  two  states  of  Motion  of  a  rigid 
body,  tht  translational  Motion  and  tht  rotational  Motion. 

Me  shall  dtrlvt  In  this  chapter  the  formulas  to  evaluate  the  output  of  acceltroMeters  and  gyros  Measuring 
the  translational  and  rotational  Motions.  Accuracy  limitations  will  be  presented. 

2.1  Measurement  of  Translational  notion 

The  translational  Motion  of  the  rigid  body's  center  of  gravity  caused  by  the  forces  acting  on  the  body 
Is  described  by  Newton's  second  law 

d2  R  , 

*1  •  (21> 


Is  the  applied  force  par  unit  mss  Including  the  gravitational  forces  If  the  body  1$  within 
the  gravity  field  of  another  body  (earth,  sun,  noon),  and 


Is  the  second  tlae  derivative  of  the  radius  vector  R  fra  the  origin  of  the  Inertial  coordi¬ 
nate  frae  1  to  the  point  of  Measuraent  P. 

AssuMlng  Initially  the  origin  of  the  1-frae  to  be  located  on  one  of  the  fixed  stars,  R  to  be  the  distan¬ 
ce  fra  there  to  the  earth's  center  of  gravity  and  a  to  be  the  sum  of  the  gravitational  forces  of  all  cele¬ 
stial  bodies  on  the  earth's  center  of  gravity,  we  lieedlataly  see  that  Eq.  (2.1)  Is  satisfied  for  the  Mo¬ 
tion  of  this  point  around  the  sun.  He  May  therefore  relocate  the  origin  of  the  1-fraa»  Into  this  point  (s. 
(2.13 .  Section  3.4),  which  Is  nore  appropriate  to  describe  the  Motion  of  a  body  with  respect  to  the  earth. 

R  Is  then  the  radius  vector  fra  the  earth's  center  of  gravity  to  the  point  P  of  aeasuraent  (s.  Pigs.  2.1a 
and  b). 

As  a  natter  of  definition  the  axes  of  the  1-frae  Must  be  non-rotating,  for  uhlch  the  direction  to  the 
fixed  stars  aay  serve  as  a  reference.  Their  relative  Motion  causes  an  angular  rate  error  of  only 
<3-10-9  °/h,  [2,2],  Ue  assume  Initially  that  the  axes  of  the  1-frae  are  oriented  with  x  pointing  north, 
parallel  to  the  Instantaneous  spin  axis  of  the  earth  and  with  y  and  z  orthogonal  to  x  as  shown  In  Fig.  2.1a. 
This  axis  orientation  Is  In  error  by  the  following  effects. 

The  earth  Itself  has  to  be  regarded  as  a  big  gyro  with  a  pear-shaped  body.  The  gravity  field  of  the  sun 
and  the  Moon  are  exerting  torques  upon  this  gyro  causing  a  precession  (<1.6- 10~6  °/h)  and  a  nutation 
(<10-7  c/h)  of  the  Instantaneous  spin  axis  as  shown  In  Flo.  2.2a  Is.  [2.2]  and  [2.3],  Chapter  4). 

Furthermore  the  earth  Is  not  a  solid  body  but  Its  Mass  distribution  Is  affected  by  Meteorological,  geo¬ 
physical  and  biological  processes  (rain,  winds,  ocean,  currents,  vegetation  growth)  which  cause  the  Insta- 
neous  spin  rate  to  vary  Irregulary  with  time  (<10'6  °/h).  Tidal  friction  of  the  sea  and  viscous  daaplng 
between  the  earth's  core  and  Mantle  cause  It  to  decrease  slightly  (0.0016  s  per  100  years),  [2.2]. 

The  effects  just  Mentioned  also  causa  the  Instantaneous  spin  axis,  1.e.,the  direction  of  tnr  north,  to 
Migrate  with  respect  to  the  earth  crust  as  shown  In  Fig,  2,2b.  If  the  1-frae  Is  oriented  with  Its  x-axIs 
parallel  to  geographic  north  (Mean  direction  of  the  earth  spin  axis  In  the  year  1903),  which  Is  More  con¬ 
venient  than  the  Instantaneous  spin  axis,  and  with  Its  y-  and  z-axes  In  the  equatorial  plane,  the  angular 
difference  between  the  x-ax1s  and  the  Instantaneous  spin  axis  gives  rise  to  angular  rate  awasuraent  errors 
(Introduced  by  a  snail  coaponent  of  the  earth's  rotation  rate)  of; 

Su  <  5  •  10 ~5  °/h.  (2.2) 

Acceleraetars  are  Instruments  measuring  the  accelerations  of  a  rigid  body  (e.g^an  airplane)  In  the 
directions  of  their  sensitive  axes.  Their  output  signal  In  three  orthogonal  directions  Is  a  vector  f  pro¬ 
portional  to  the  force  necessary  to  balance  the  proof  mass  of  the  acceleraeter  (s.  Flo.  2.3  and  Section 


d2  R 


dt 


Ue  call  f  the  specific  force*  In  the  following.  The  sw  a  of  ell  forces  per  unit  mass  acting  on  the 
proof  mss  Ts: 


a  -  f  +  6  (2.3) 

where  G  represents  the  grvltatlon  of  the  earth  Including  the  effects  of  other  cilestlal  bodies  (sun,  noon) 
changing  with  their  relative  positions  to  the  point  P  of  measurement.  These  effects  near  the  surface  of  the 
earth  amount  to  only  (s.  [2.1],  Chapter  4  and  [2.2]), 

(56  «  10‘7  G  (2.4) 


and  are  negligible  In  general.  So  we  have  with  Eqs.  (2.1)  and  (2.3); 


f  « 


-j',  where  we  Introduce  g'  only  for  convenience  In  the' sequence. 


(2.5) 


Me  shall  now  derive  the  relationship  between  the  tlM  derivatives  of  the  radius  vector  R  with  respect  to 
the  Inertial  frame  1  and  with  respect  to  the  coordinate  frame  In  which  the  Measurement  is  carried  out.  Let 
us  assww  this  to  be  the  navigational  coordinate  frae  n  with  Its  x,  y  and  z-axes  pointing  north,  east  and 
down  as  shown  in  Fig.  2.1a. 


V* Mw'-xB) 


deflection  n 
.the  vertical 


of 


/ 

/ 

\ 


\ 


b) 


Fig.  l.l  Disturbance  Notion  of  the  Earth's  Notations!  Axis  with  haepact  to  the  Find  Stan  (Notation  and 
Precession)  and  with  Respect  to  the  Earth  (deration  of  the  North  Polo)  [z.3J  and  [l.dj 

The  direction  "down"  it  daflnad  as  being  nornal  to  Ue  rafaranca  aWaeold.  which  is  tha  bait  aath— - 
tlcal  approelaetlon  to  tha  pear-shaped  gaold  -  tha  earth' saeoyefeeulpitantlel  surfaca  at  aaan  saa  level 

(s.  Figs.  Me  and  d). 

It  It  Inclined  by  the  geographic  latitude  $  with  respect  to  tha  equatorial  plana.  A  Paw  par— tori 
have  to  be  daflnad  for  tho  rafaranca  ellipsoid: 

•  tha  sathtaJor  axis  (W  la  Fig.  I. lb) 

«  •  «,37MM  a  (*.*) 

-  tha  saarlalnor  axis  flB  In  Fig.  t.lb) 
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The  rate  of  change  of  the  radius  vector  R  (s.  Flo.  2.1b)  In  the  Irwrtlal  fr«M  and  tho  navigational 
franc  Is  connected  through  the  theorwa  of  Coriolis  [2.1,  Appendix  MJ 


d  R, 


<1  R. 


arh  *  3F'n  +  - 


♦  Jn  x  R. 


(2.17) 


This  Is  the  tota)  velocity  of  the  point  R  of  neasuranent  with  respect  to  the  origin  0  of  the  1-fraae, 
l.e.  the  earth's  center  of  gravity.  Its  acceleration  with  respect  to  this  point  Is  given  by 


1  ■  0|  n  ♦  5rL  *  *  ♦  **'"  *  Sn  ♦  “  "  *  l*"  .*>• 


(2.18) 


t  ! 

with  vertical-,  horizontal. 


Coriolis,  centrifugal  accelerations. 


In 


(2.19) 


(2.20) 


Ti<e  total  angular  rata  w  Is  the  sue  of  earth  rata  and  transport  rate: 

where  In  the  n-frane  the  earth  rata  1s  given  by: 

(  cos*' 

^*.0  0 

\-s1n*J 

with  the  aagnltude 

0  •  ^1#l '  mih  T* 

•  7.292  115  •  10'5 
.  ls.oai  067  *ryc  . 

The  transport  rate  uj"  and  the  total  angular  rate  u^1*  of  a  vehicle  are  In  the  n-frane: 

I  cos*l  VE/(Rj+h) 

C  ’  -*  ’  *»(/(%♦•») 

l-I  sln*J  i-[VE/(Rt»h)J  tan*J 

with  the  rate  of  change  of  geographic  longitude  X,  of  celestial  longitude  A  and  of  latitude* given  by: 

»E 

*  "  (Rph)cos^  .  *  ■ « ♦  *  (2-2Ja,b) 

It  should  be  pointed  out  that  In  these  equations  Ru,e  are  not  the  eonponents  of  the  radius  vector  R  but 
the  radii  of  curvatura  of  the  ellipsoid  (s.  Eqs.  (2.11)  and  (2.14)). 

The  relationships  for  the  acceleration  (2.18)  slnpllfles  considerably  If  we  Introduce  the  velocity  of 
the  point  R  of  neasuranent  with  respect  to  the  surface  of  the  reference  ellipsoid: 


•  aj". 

(Q+S)C0S*  ' 

4 

■ 

Acos* 

• 

-<R 

.  -(Q*i)s1np 

,  -Aslnp  , 

(*•21) 


(2.22a,b) 


dR 


dR, 


♦  w0"  x  R, 


3C|e  -  HE|n  = 
which,  expressed  In  n-frane  coordinates,  la: 


(Rp^h)  ♦ 
(Rc+h)  V  cos* 
-A 


The  resulting  acceleration  of  R  Is: 

1  *  1  +  (*“'*  ♦  jT)  *  i  ♦  w1*  *  (-,#  >*). 


dt' 

The  last  tarn  on  the  right  side  Is 
as  shown  In  Fig.  2.1b: 

a  -  6  -  u1#  x  (wlB  xR)  -  6  -  Jfii 


(*-25) 


(*.*8) 


(2.27) 


with  the  iravltatton  6  In  Eq.  (2.5)  to  give  the  gravity  a 


-sin  *<R 


Cl*  cos  70. 


(*•*»> 


So  we  obtain  for  the  specific  fort*  vector  f  necessary  to  balance  the  proof  mm  of  accelerometers  on  a 
aovlng  vehicle: 

f  ■  i  *  (2*>,#  ♦  ww)  x  v  -  £,  (2.*») 

which  la  valid  for  any  rafaranca  coordinate  fraaa  r  whan  tha  subscript  or  suparscrlpt  n  is  replaced  by  r. 


Tha  angle  v.  by  which  tha  gravitation  8  Is  Inclined  about  tha  aast  ails  with  raspact  to  tha  gravity  ft. 
Is  glvan  by: 

Y  ■  tin  2*«  (waallar  than  (  arc  win).  (2-30) 

Tha  maximum  dlffaranca  In  Mgnltuda  batwoan  gravitation  and  gravity  Is  at  tha  aouator: 


|S  -  Jl-  (1  ♦  cos  Id )  <  3.4  •  Id*3  g. 


(2.31) 


Gravity  changas  with  position,  not  only  bacausa  of  tha  centrifugal  acceleration,  but  also  because  gravity 
tlon  Itself  Is  a  function  of  longitude  and  latitude  due  to  tha  inhoiaooanaous  mss  distribution  of  tha  gaold. 

Its  absolute  naasuraMnt  Is  only  practicable  In  few  places,  since  It  requires  much  expanse.  Its  rela¬ 
tive  wMsuraaent  is  easy  to  achieve  on  land  by  Mans  of  gravlMtars.  but  again  difficult  on  sea  which  co¬ 
vers  2/3  of  tha  globe.  Satellite  observations  fres  different  places  on  tha  globe  have  opened  additional 
weans  of  defining  gravitation,  but  tha  results  are  wore  or  lass  Integrated  over  a  certain  area. 


A  survey  of  methods  and  problem  to  describe  gravitation  G  MthaMtlcelly  as  a  function  of  latitude  and 
longitude  Is  given  In  I  2.6,  Chapter  4  j.  It  Is  shown  here  tKat  It  Is  possible  to  assixae  G  as  a  function 
of  latitude  only.  If  one  neglects  term  of  the  order  of  10-5  g.  The  results  of  satellite  observations  are 
suanarlied  In  [2.4]. 

Out  of  the  parameters  laid  down  In  the  Geodetic  Reference  System  the  following  formulas  are  derivable 
for  the  Mgnltuda  of  gravity  at  sea  level  (h  •  0)  and  Its  gradient: 

g(o)  -  978.0318  (1  *  5.3024  •  10*3  sin2*  -  5.9  •  10'6  sin2  2*)  Gal  (2.32) 

-  -0.308  77  (I  -  1.39  .  10‘3  Sin2*)  afial/m  .  (2.33) 

dvtre,  In  honor  of  Galileo 

1  Gal  •  1  cw/s2.  (2.34) 

Gravity  f  Is  commonly  oriented  "down*  In  the  navigational  coordinate  frame,  l.e.  parallel  to  the  normal  of 
the  reference  ellipsoid.  The  "deflection  of  the  vertical*  due  to  the  Inhomogeneous  mss  distribution  Is  com¬ 
prised  In  the  angles  n  about  the  north  and  (  about  the  east  axes  so  that 

^  •  g  (C  -n  I)T.  (2-35) 

fer  which  Flo.  2.4  shows  som  results  of  satellite  observations  [2.4] .  The  deflection  of  the  vertical  de¬ 
creases  with  a"  JTudw  unt.l  at  10  000  km  It  reaches  approxlMtely  heir  of  the  mxIm!  values  shotwi  In  this 

figure. 


Scale  •—  10  arc  sec 


Fig.  2.4  deflection  of  the  Vertical  at  Sea  Level  In  arc  sec  (total  amount  v)  [2.4] 


TM  exact  knowledge  of  tho  Magnitude  of  gravity  g  beconet  essential  for  totting  ecceleroneters  bo  low 
10-5  g.  For  tho  purpose  of  flight  totting  and  of  Inertial  navigation  It  It  of  lower  significance,  tlnco 

-  tho  Inortlil  novlgotlon  In  tho  altitude  chonnol,  t.e.,  the  ccnputatlon  of  vertical  velocity  tnd  alti¬ 
tude  wloly  fron  tho  vertical  acceleration,  It  unstable  anyhow  ond  hit  to  bo  tided  by  external  alti¬ 
tude  neasurenentt  (e.g.,baronetr1c  iltlMtor,  t.  Soctlont  1.2.1  ond  7.5.1),  thut  lowering  tho  requiri 
aentt  for  tho  iccolcntlon  neesureneiit  accuracy; 

-  tho  navigation  In  tho  horizontal  chonnol t  doet  not  depend  on  tho  conputatlon  of  tho  Magnitude  of  g 
(t.  Section  7.2). 


Therefore  It  It  often  sufficient  to  ottuM 

g(h)  •  g(o)/(l  ♦  h/*)1  (t,*) 

with  g(o)  derived  froai  Eg.  (2.32). 

for  high  accuracy  horizontal  Inertial  navigation  at  In  narlne  application,  the  exact  knowledge  of  the  dr 
flection  of  the  vertical  doet  bacons  Important.  Thlt  ttatenant  It  alto  reversible  In  a  certain  tense:  for 
the  naat^rawjnt  of  the  deflection  of  the  vertical  Inertial  navigation  syttnas  do  bacons  Increatlngly  1n- 


2.2  Heatu  resent  of  Rotational  notion 

Newton's  second  law,  applied  to  detcrlbe  the  rotational  notion  of  a  rigid  body.retultt  In  the  formula 
[2.1,  Chapters  3.5  and  375] : 


3*3fll-  (2.37) 

where  H  It  the  torque  vector  applied  to  the  rigid  body  and  N  It  the  angular  amentia  vector,  conputed  fron 

(2.38) 

The  syaaetrlcal  "Inertia  ten  tor*  j  it  conpotad  of  three  "nonintt  of  Inertia  J.."  and  three  "produett  of 
inertia  J }j“  (i  •  x.y.z  and  J  •  x.y.z): 

Jxx  Jxy  Jxz 

i‘  Jxy  °yy  Jy*  (2  M) 

J  J  J  . 

*z  yx  zz' 

They  are  conputed  fron  Integra  It  over  the  whole  voliae  of  the  body  (designated  at  J)  according  to: 


Jxx  *  {  +  * 


Jyy-/<x*ez2) 


J„  •/(*'♦  /) 

“  v 


-/  X ydo 


Jvz  ■  */  **  <*■ 


0„  ■  -/  xz 


(2.40  a-f) 


For  a  certain  orientation  of  the  x,  y  and  z-axet  the  product!  of  Inertia  vanish  to  give 

rjx  %ibi 

H  •  0y  Uy1b  .  (2.41) 

i  1b  \ 

“z 

These  axes  are  called  "principal  axes*  and  the  the  "principal  nonents  of  inertia*. 

Applying  the  theoren  of  Coriolis  [2.1,  Appendix  Ad]  to  Nawton's  rotational  law  for  a  rigid  body  (2.37) 
we  ootMn  in  any  rotating  reference  coordinate  front  r: 


3  "  TC'r  ♦  a  *  3*  (2-«> 

In  a  gyro  the  r-frana  Is  cate-fixed,  for  instance,  and  tha  angular  nonantim  Is  constant  with  respect  to 
the  cate,  to  we  nay  approxlnate  this  equation  by: 

M  .  Jr  x  H,  (2.43) 

showing  that  this  tensor  allows  us  to  naasure  the  angular  rata  ur  of  the  case  with  respect  to  the  Inertial 
front  by  naans  of  the  reaction  torque  N. 

The  reader  Is  referred  to  [2.9]  and  alto  [2.1]  for  a  deeper  insight  into  gyroscopic  theory  and  appli¬ 
cation. 
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2.3  Accuracy  ymltttlons  of  Inertial  HwwrjgggU 

The  accuracy  of  Inert U1  murmtiti  is  limited  by  tho  following  effects 


-  fundamental  limitations 
•  technical  Inperfectlons 

-  environmental  Influences 

-  offocti  of  tho  digitizing  procots. 


Fundwantal  limitations  such  tt  gravity  offMtt  from  tho  tun  tnd  noon,  olgrttlon  of  tho  north  polo,  1m- 
porfoct  knowledge  of  tho  oorth't  gravity  flold  otc.  discussed  above,  couto  very  smalt  errors  In  coaporlton 
with  tho  other  effects.  Typlctl  values  for  such  errors  ore  gluon  above  and  In  Ref.  [2.8]  at: 


6w  <  5  •  10*s  °/h 
<*>  <  l  •  10**  °/h 
«f  <  10*5  g 
«f  <  2  •  10*3  g 


with  the  al tire t Ion  of  the  north  pole  not  aodelled 
with  the  algratlon  of  the  north  pole  aodelled 
with  gravity  tnaaalies  not  aodelled 
with  grovlty  anoaal let  aodelled. 


(2.44a,b) 
(1.45a, b) 


Technical  laperfectlons,  such  at  friction,  electronic  noise,  spurious  torques,  aanufacturlng  defects, 
finite  response  tlaes  ,  etc..  Halt  the  aeasurlng  accuracy  of  the  tensors.  But  Inertial  technology  has 
reached  such  a  degree  of  perfection  In  the  last  decades  that  tensors  with  sufficient  accuracy  and  dyna- 
alc  response  for  alaost  all  flight  test  applications  are  on  the  market.  Typical  values  for  these  errors  are 

6w  1 10*3  °/h  (2.46) 

«f  «  10*5  g.  (2.4/) 


Cnvironaental  Influences  such  as  the  undetected  aotlon  of  the  foundation  (s.  Fig.  4.2.S),  taaperature  de¬ 
pendence.  vibrations  can  present  severe  probleas.  Proper  selection  of  the  sensors  and  careful  analysis  of 
the  environmental  conditions  together  with  calibration  and  coapantatlon  techniques  can  help  to  reduce 
these  errors  to  a  large  degree. 

Calibration  and  compensation  of  the  sensor  errors  are  bated  on  a  proper  error  model.  Emphasis  Is  placed 
on  the  derivation  of  this  model  in  Chapter  3  and  on  the  error  compensation  In  Chapter  7. 

For  digitising  the  measurement  of  the  inertial  sensor  techniques  with  different  accuracy  potential  can 
be  applied.  Also  certain  mathematical  rules  have  to  be  observed  which  again  are  the  basis  for  the  signal 
preparation  and  readout  frequency.  These  problems  are  discussed  In  Chapter  4. 

In  Chapters  a  completely  different  approach  to  overcome  these  accuracy  limitations  Is  discussed:  the  use 
of  redundant  measurements  based  on  a  different  technology  (cine theodolites,  radar,  VOR,  ONE,  Doppler  radar, 
etc.)  for  a  continuous  Inflight  calibration  of  the  Inertial  sensors.  This  method  can  produce  a  considera¬ 
ble  Improvement  In  accuracy  for  flight  test  data  evaluation. 
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3.  IWEgTlAL  SfjttOjB 


3.1  gyroscopic  Sensors  and  thtl.  Application 

The  mechanical  gyro  with  the  routing  wheel  and  th*  optical  gyro  will  bo  subjects  of  this  ebaptor. 
According  to  tbo  angular  fraadon  of  tha  spin  axil  with  roapact  to  tha  caao  (t.  fin.  3,1,11  ona  dtttlngulthat 
between  slnsle-degree-of-freedoe  (SOP)  gyro*  and  No-degm-of-freedon  (TOP)  ay  rot.  Tha  50f  gyro  It  batlcally 
an  angular  raU  tontor  and  tbo  TOf  gyro  an  attlwoa  mftrancu  tantor,  but  Tsblo  3.1.1  tbout  that  both  tantort 
art  not  rostrlctad  to  thtia  tpaclflc  application. 


Typo  of  Syro _ (todo _  Application 


tlngle-degree-of- freedom 
(SOP)  gyro 

spring  restrained 

turn  Indicator, 
sensor  In  control  loop, 
sensor  for  flight  tost 

« 

analog  caging  loop 

sensor  In  control  loop,  sonsor 
for  flight  tett,  sonsor  In  low 
to  media  accuracy  strapdown 
attltuda  or  navigation  systam 

M 

pulse  caging  loop 

as  with  analog  caging  loop 
but  potantlal  of  Mghtr  accuracy 

• 

uncagad 

stabilization  sansor  for  platform, 
sight-linos,  guns,etc. 

conventional  two-dtgree-of- 
f random  (TOF)  gyro 

unesged 

stabilizer  In  low  to  mdlum 
accuracy  attitude  and  heading 
rofaranca  Instruments  as  arti¬ 
ficial  horizon  and  compass  gyro 

conventional  and  dynamically 
tuned  TOF  gyro 

analog  caging  loops  or 
pulsa  caging  loops  or  uncagad 
but  null  sensor  In  stabili¬ 
zation  control  loop 

as  SOP  gyro  but  only  ona  sansor 
for  two  axes 

electrostatically  supported 
gyro 

only  uncagad  mod*  possibl* 

null  sansor  for  platform  stabili¬ 
zation  In  high  accuracy  INS; 
rofaranca  for  attltudo  with 
respect  to  inartlal  space  In 
strapdown  systam 

other  mchanlcal  rata  sensors 

no  caging  loop  required 

In  general  low  to  mdlum  accuracy 
angular  rote  sensors 

optical  rote  sansor, 
laser  gyro 

no  caging  loop  raqulrod 

preferably  high  accuracy  rata 
and  angle  displacement  sansor 

In  strapdown  systam 

Tablo  3.1.1  gyroscopic  Sanson  tnd  thalr  Applications 

Tha  SUP  gyro  spans  tha  Mho  la  s pact  run  fna  tha  convantlonal  angular  rata  sansor  for  control  and  flight 
tost  purposes  to  tha  usa  as  a  stabilisation  sansor  on  attltudo  reference  platform  or  Inartlal  navigation 
platform,  and  to  tha  usa  as  a  highly  accurate  rata  or  angular  displacement  sensor  In  strapdown  system. 

The  TOP  gyro  covert  tha  same  spec  true  but  Is  also  used  as  a  Simla  attitude  and  heading  reference  uhan 
the  Instrument  'Is  not  agulppod  with  a  special  stabilisation  control  loop  but  sUblllzatlon  Is  achieved  by 
naans  of  tha  spinning  wheel's  angular  nonant  ns  which  has  an  affect  sinllar  to  that  of  an  inert  mss.  Tha 
accuracy  of  the  Instrument  In  this  mode  Is  affected  by  the  friction  In  tha  global  bearings.  Vary  clever 
technical  solutions  exist  to  keep  this  friction  low.  other  adverse  affects  caused  by  the  global  mss  and 
'global  lock*  limit  the  accuracy  and  angular  freedom  of  the  TOP  gyro  with  angular  mamntum  stabilisation. 

TOP  gyros  without  global  suspension  of  the  rotor  exist  In  the  following  versions: 

-  TCP  gyros  with  limited  angular  frenden  of  tha  rotor  with  respect  to  the  case.  Pig.  3.1.1  shows  two 
examples,  the  TOF  gyro  with  spherical  gas  bearing  and  tha  dynamically  tuned  gyfffTiTW  CTIled  'dry 
gyro', which  has  to  a  large  degree  replaced  the  SOP  gyro  In  stabilization  loops. 

-  TOF  gyros  with  unlimited  ongular  frendem  such  as  tha  electrostatically  supported  gyro  (IS61  shorn  In 
Pig.  3,1.3.  The  spherical  rotor  of  the  ES6  spin  In  on  ovocuotod  cose  end  Is  iwpportod  by  electrosto- 
IKWW.  In  this  manner  friction  ho*  boon  lupprosiod  to  t  very  Urge  extent  and  the  tyro,  once 
brought  to  Its  nomlml  spin  rote,  runs  without  drive  for  months.  The  CSS  servos  os  a  stabilization 
sansor  for  hlgh-aceurecy  Inertial  navigation  platform  os  mil  as  an  attitude  reference  In  stropdoun 
systems. 


•)  TOF  tyro  *<th  Sphorlcil  Got  So* ring 
(North  ftttrlcon  Avlotlon,  Inc.) 


b)  QynMlcolly  Tunod  Gyro 
(Tolodyno) 


Somewhat  related  to  the  ESG  are  the  gyros  with  fluid  rotors  where  the  solid  sphere  Is  replaced  by  a  fluid. 
Their  application  Is  limited. 

There  are  gyros  classified  In  Table  3.1.1  as  "other  mechanical  rate  sensors*.  The  following  physical  ef¬ 
fects  are  used  In  these  mechanical  rate  sensors: 

-  The  eactlon  of  liquid  metal  within  a  spinning  torus  to  a  rotation  normal  to  the  spin  axis  generating 
an  angular  acceleration  within  the  torus  (Honeywell  Magnetohydrodynamic  (M4D)  Two-Axes-Rate-Sensor), 

-  the  reaction  of  an  oscillating  mass  to  a  rotation  (Honeywell  Vibrating  Hire  Rate  Sensor,  tuning  fork 
rate  sensor), 

-  the  deflection  of  a  gas  jet  due  to  an  angular  rate  normal  to  the  jet  flux  (Hamilton  Standard  Superjet). 

The  optical  rate  sensor,  have  a  great  potential  for  future  flight  tests  and  navigation.  They  use  a  phy- 
slcal  effect  first  demonstrated  by  Sagnac  In  1913  with  a  ring  Interferometer.  Angular  rate  with  respect  to 
Inertial  space  can  be  measured  If  two  light  beams  travelling  In  opposite  directions  on  a  circular  path  In 
the  plane  normal  to  the  angular  rate  to  be  measured  are  brought  to  Interference.  This  physical  effect  Is 
utilized  In  optical  rate  sensors  or  In  optical  rate  Integrating  sensors,  the  latter  being  cownon'y  known 
as  ring  laser  gyros. 

There  are  other  proposals  for  angular  rate  sensors,  such  as  nuclear  magnetic  resonance  (NMR)  gyros.  To 
the  authors'  knowledge  they  have  not  passed  the  laboratory  state.  They  .ire  not  Included  in  this  description. 

The  following  discussions  will  mainly  concern  the  conventional  gyros  with  spinnlnq  wheels,  which  for  the 
time  being  have  the  widest  distribution  In  flight  test,  control  and  navigation  systems.  The  reader's  atten¬ 
tion  Is  also  drawn  with  emphasis  to  the  ring  laser  gyro  which  opens  new  aspects  for  flight  test  measurements. 

3.2  Basic  Performance  Equations  and  Error  Sources  Common  to  Mechanical  gyros 

In  recent  years  strapdown  systems  (s.  Chapter  7.4.4)  have  reached  a  rather  mature  state  of  the  art  as 
attitude  and  heading  and  navigation  systems  and  they  will  also  certainly  find  more  and  more  favour  as  flight 
test  systems  (s.  Chapter  9). 

High  accuracy  angular  rate  measurements  are  the  basis  of  any  strapdown  system,  which  makes  It  necessary 
to  derive  the  deterministic  and  compensatable  errors  of  a  mechanical  gyro  In  detail.  Since  both, slngle-de- 
gree-of-freedom  (SOFT  and  two-degree-of-freedom  (TDF)  gyros, are  used  for  this  puroo  their  dynamics  and 
deterministic  errors  will  be  derived  commonly  In  the  next  two  Sections  3.2.1  and  3.2.2,  thus  opening  the 
way  for  a  better  comparison  of  their  application  for  this  task  discussed  In  Section  3.3  and  3.4. 

The  reader  not  Interested  In  high  accuracy  performance  of  a  mechanical  gyro  In  a  dynamic  environment 
or  the  reader  in  a  hurry  will  certainly  find  a  way  of  scanning  the  next  sections  to  familiarize  himself 
soure  definitions  and  to  arrive  at  the  section  of  his  Interest.  The  results  of  Section  3.2  are  listed  in 
Table  3.2.1  for  the  SDF  gyro  and  3.2.2  for  the  TDF  gyro. 

3.2.1  The  Performance  Equation  of  Mechanical  Single-  and  Two-Degree-of-Freedom  Gyros 

The  derivation  of  the  mechanical  gyro's  performance  equation  will  be  based  upon  Newton's  law  for  the 
rotational  motion  (s.  Eqs.  (2.37)  and  (2.42)): 

dH[  dH[  .  y 

-  "  3F1  “  dt‘g  +  2  9  x  H  (3-2-1) 

which  will  be  applied  to  the  gyro  element  shown  In  Fig.  3.2,1.  M  Is  the  torque  vector  acting  on  the  gyro 
element,  H1  Is  the  total  angular  momentim  vector  and  ~ 

dfll  ordflg  dencte  derivative  with  respect  to  the  Inertial  frame  1  or  to  the  gyro  element  coordinate 
frame  g,  respectively*. 


(also  second  output  axis  In  TDF  gyro,  s.  Fig.  3.1.1) 


Fig.  3.2.1  Gyro  Element  Coordinate  Frame  and  Notation 
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According  to  Section  2.1  we  may,  for  Most  Hn-atdi  instruments,  establish  as  the  Inertial  frame  a  coor¬ 
dinate  frame,  which  Is  nonrotating  with  respect  to  the  fixed  stars  and  located  with  Its  origin  In  the 
earth's  center  of  gravity.  Its  axes  are  oriented  as  shown  In  Fig.  2.1;  Its  x-axIs  Is  pointing  to  the  north 
pole,  i.e.  aligned  with  the  earth's  rotational  axis,  and  Its  y-  and  z-axes  are  located  In  the  equatorial 
plane.  The  g-frame  shown  In  Fig.  3.2.1  will  be  assumed  as  an  orthogonal  coordinate  frame  with  Its  origin 
In  the  center  of  support  of  the  gyro  element.  Its  S.-axIs  is  aligned  with  the  spin  axis  of  the  rotor  and 
the  I„-  and  Og-axes  are  nonspinning  and  are  aligned ’'with  the  principal  axes  of  the  glmbal  element  such 
that  products  of  the  Inertia  tensor  j  (s.  Eqs.  (2.39)  and  (2.40))  vanish. 


With  the  SDF  gyro  the  Og-axls  Is  In  general  colllnear  with  the  glmbal  axis,  which  again  is  approximately 
parallel  to  the  torquer  axis  (s.  Fig.  3.1.1a).  With  the  TDF  gyro  the  axes-orlentatlon  depends  on  the  con¬ 
struction  (s.  Figs.  3.1.1b  and  3.1.2).  We  will  assume  that  Its  Ig-  and  Og-axes  are  close  to  the  torque 
generator  axes. 

Superscripts  will  be  used  in  the  following  as  physical  characteristics  and  J9  means  “angular  rate  of 
the  gyro  frame  with  respect  to  the  Inertial  frame". 

The  main  contribution  to  the  total  angular  momentum  vector  HT  is  Hp  of  the  rotating  wheel.  It  Is,  in  the 
glmbal  coordinate  frame: 


I  0 

I I  “sr 


(3.2.2) 


with  I  -  rotor  moment  of  Inertia  about  the  spin  axis  and  i4g  •  angular  rate  of  the  rotor  with  respect  to 
Inertial  space  In  the  direction  of  the  spin  axis.  It  Is  composed  of 

“Sg  “  (49  +  “s*  +  “s^g  (3.2.3) 
where  u^9  is  the  angular  rate  of  the  gyro  element  with  respect  to  Inertial  space,  Is  the  angular  rate 
of  the  motor's  magnetic  field  vector  with  respect  to  the  glmbal  element  and  Is  the  angular  rate  of  the 
rotor  with  respect  to  the  magnetic  field  vector.  Me  will  use  as  short-hand  notation 


-5 


n 


mr 

Sg 


H  -  In. 


(3.2.4a,b,c) 


For  inertial  grade  Instruments  the  rotor  speed  n  Is  carefully  kept  constant  and  Is  in  the  order  of  400  Hz 
and  H  In  the  order  of  10'3  to  10*1  tas.  We  will  define  as  spin  angular  momentum  Hi  and  as  gyro  element  an- 
both  in  the  "g''-frame: 
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gular  momentum  H|, 
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(3.2.5a,b) 


where  j  Is  the  Inertia  tensor  mentioned  above  with  components  0,  0  s.  the  moments  of  Inertia  of  the  to¬ 
tal  gyro  element  (e.g.  glmbal  plus  rotor  for  the  SDF  gyro").  ,u’3 


The  total  angular  momentum  vector  in  the  “g’-frame  is  thus: 


hJ  ■  Hs  +  H9.  (3.2.6) 

Before  going  more  Into  details  of  the  performance  of  a  gyro  In  a  high  frequency  environment,  let  us 
briefly  review  Its  performance  for  low  Input  frequencies,  when  the  spin  angular  momentum  Is  predominant 
(HS»H9)  and  constant  with  respect  to  the  g-frame,  i.e. 


With  this  assumption  Eq.  (3.2.1)  can  be  written  in  the  g-frame  as: 

dH9, 

■  nrlg  + 


w!9xh! 
-9  -9 


where  this  Is  the 
torque  applied  to 
gyro  eleamnt 


this  term  causes  nutation 
In  a  TDF  gyro  or  time  lag 
In  an  SDF  gyro 


this  term  describes  the 
gyro  element  low  frequency 
response,  e.g.  the  precession 
In  a  TDF  gyro. 


(3.2.7) 


Eq.  (3.2.8)  Is  the  basic  law  of  motion  of  a  practical  gyroscopic  element,  which  simplifies  for  low  Input 
frequencies  to: 

IJg  *  “J9  X  £  f3-2-8*) 

For  the  evaluation  of  vector  equations  In  components  the  matrix  notation  Is  useful.  We  define  an  ux  ma¬ 
trix  (s.  [3.1]  Chapter  1.9): 
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and  Eq.  (3.2.8a)  reads: 

M  «  al9  1L. 

-9  “9-9 

Evaluated  In  components  we  obtain: 
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As  short-hand  matrix  notation  for  this  two  component  vector 
Mg  -  H  j  J9, 

where  the  skew  symmetric  unity  matrix 


will  use 
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I'- 


ii  ■  -i 


(3.2.9) 


(3.2.8b) 


(3.2.8c) 


(3.2.8d) 


(3.2. 10a, b) 


takes  Into  account  a  component  and  sign  conversion  of  both  sides,  as  with  the  torque  and  angular  rate  vec¬ 
tor  of  a  gyro.  From  Eq.  (3.2.8d)  and  (3.2.10)  It  Is  easy  to  obtain: 


■  € ' 
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J9--^Hg.  (3.2.11) 

Eqs.  (3.2.8)  and  (3.2.11)  are  the  practical  gyro  element  performance  equations  relating  the  torque  Hg 
applied  to  the  gyro  element  and  Its  angular  rate  wig  with  respect  to  inertial  space.  They  may  best  be  inter¬ 
preted  In  the  following  way.  If  a  torque  vector  M~or  angular  rate  vector  u  Is  applied  to  a  gyro,  the  re¬ 
sponse  vector  -  angular  rate  vector  u  or  torque  vector  M  -  Is  orthogonal  To  both,  the  applied  vector  and 
the  anqular  momentum  vector  H  and  directed  In  the  sense~wh1ch  would  take  H  by  the  shortest  way  towards  the 
applied  vector.  Fig.  3.2.2  gTves  an  Illustration  of  this  Interpretation,  tSiere  we  have  to  keep  In  mind 
that  In  the  second  case  the  response  torque  Indicated  Is  the  negative  of  the  torque  applied  to  the  gyro 
element. 


0 

i 
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M  applied: 

Direction  of  response  angular  rare: 

H  vector  is  "hunting*  tie  Input 
Torque  vector  N  caused  by  mass  m 

fig.  3.2.2  Illustration  of  »he  gyro  Reaction 


w  applied: 

Direction  of  response  torque: 

acts  so  as  to  take  the  H  vector  by  the  shortest 

way  towards  the  li.put  angular  rate  vector  u 

to  Input  Torques  and  Input  Angular  Rites 


For  strapdown  gyros  and  systems,  however,  we  cannot  restrict  our  attention  to  low  frequencies  on¬ 
ly.  Me  also  have  to  rmMbor  that  until  now  we  have  carried  out  the  derivation  In  the  g-frame.  which  has 
angular  freedom  about  one  (SOF  gyre)  or  two  axes  (TOF  gyro)  with  respect  to  the  gyro  case.  The  correspon¬ 
ding  plckoff  angle  depends  oh  the  Input  angular  rate  applied  to  the  case,  the  torque  applied  to  the  gyro 
element  via  a  torque  generator  and  on  the  sensor  errors.  This  angle  Is  converted  Into  the  output  signal. 

Ne  will  derive  In  the  following  the  dependence  of  the  plckoff  angle  on  the  Input  signals  and  sensor  errors. 
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For  this  purpose  coordinate  frames  have  to  be  defined  carefully  because  for  high  precision  measurements, 
such  as  In  strapdown  systems  (s.  Chapter  7.4.4)  where  the  angular  rate  Measurements  of  the  gyros  are  used 
for  navigation  purposes,  misalignments  of  the  order  of  arc  minutes  cause  errors  which  may  greatly  exceed 
the  required  1/100  °/h  drift. 

We  will  assume  that  the  reference  coordinate  frame  (subscript  "r")  In  which  the  gyro  Is  used  within  a 
system  or  on  a  test  table  Is  an  orthogonal  frame  and  that  the  axes  of  the  gyro  element  coordinate  frame 
are  out-of-alignment  with  respect  to  the  r-frame  by  the  small  angles  xj  o  S'  14  be  assumed,  at 

least  for  the  moment,  that  the  origins  of  both  frames  coincide.  The  angle*  xi  o  S  ,r*  composed  of  the  time 
varying  angles  St  0  s  describing  the  angular  freedom  of  the  orthogonal  gyro  element  axes  ($.  Fig.  3.2.3) 
and  the  mlsallgnMnt  angles  ni.o.s  (*•  rig.  3.2.4).  The  smallness  of  the  angles  allows  us  to  trial  them  as 
vectors  ([3.1],  Appendix  3): 


^  ■  9  +  o.  (3.2.12) 

The  angles  at  g  s  My  be  due  to  imperfect  mounting  of  the  *otor  within  th*  glmbal  and  case,  backlash  of 
the  glmbal  pl/oU  In  the  jewel  bearings  or  misalignment  of  the  gyro  case  with  respect  to  the  reference  fra' 
me  (s.  Fig.  3.2.4). 


The  transformation  matrix  between  the  glmbal  element  and  the  reference  coordinate  frame  Is: 
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(3. 2. 13a, b) 


where  \  1$  the  unity  matrix 

A  third  coordinate  frame  has  to  be  defined;  It  Is  the  one  In  which  the  torque  Is  applied  to  the  glmbal 
element  via  the  torque  generators.  With  the  SOF  gyro  the  torquer  axis  In  general  will  be  parallel  to  the 
case  axis  and  to  the  global  axis.  Misalignment  may  result  from  backlash  In  the  glmbal  bearings.  With  the 
TOF  gyro  shown  In  Fig.  3.1.2  the  torquer  axes  are  defined  by  the  torquer  colls.  Their  directions  are  sub¬ 
ject  to  manufacturing  Inaccuracies.  In  practice  the  final  adjustment  of  these  exes  Is  carried  out  electri¬ 
cally.  We  will  assume  that  the  torque  generator  coordinate  frame  (subscript  "t"),  which  Is  nonorthogonal , 
may  be  misaligned  with  respect  to  the  reference  coordinate  frame  (by  the  small  angles  Bi ,  (1  •  I,0,S; 
j  *  1,0, S;  1  i  j).  The  transformation  matrix  between  the  two  frames  (s.  Fig.  3.2.5)  Is:  J 
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(3.2.14) 


Cq.  (3.2.1)  expressed  In  the  torque  coordinate  frame,  with  the  input  signals  w  contained  in  g  expressed 
In  the  reference  coordinate  frame,  becomes: 

At  *  fitg  Ag  *  (tg  nig  +  H9>g  +  Ctr  &  Srg  &  + 

wher»-  we  have  made  use  of  the  relationships  Stg(ug  x  H^)  *  Ctr(wr  x  H^,)  and  Cjt  . 

Considering  the  freedom  of  the  gyro  element  to  move  with  respect  to  the  gyro  case,  we  split  up  u*9  Into 

u;!9  -si6  +S£9.  (3.2.16) 

— r  -nr  — r  * 

where 


1c 


Is  the  angular  motion  of  the  case  with  respect  to  Inertial  space  In  the  “r*  frame.  Similarly 

4*  -  $ 


e0 


(3.2.17) 


(3.2.18) 


Is  the  motion  of  the.gyro  element  with  respect  to  the  case  In  the  reference  frame  and  equally  In  the  glmbal 
frame  when  products  sxxirc  negligible. 


Torques  acting  on  the  glmbal  elements  (s.  Fig.  3.2.1)  are  composed  of: 

-  the  restraint  torques  jjf 

-  the  comund  torques  N*  or  conand  rates  u*  applied  through  the  torque  generator 

vf  *  l  H  w*  (3.2.19) 

-  and  the  disturbance  torques  causing  gyro  drlftsD1  to  be  derived  In  Section  3,2.2;  they  act  In 
addition  to  the  terem  of  Eq.  (3.2.15), 
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13d  “  i  H  O’ .  (3.2.20) 

In  suaaaary 

Kfi*H!lr  Ms*  +  i  0**  (3.2.21) 

Introducing  Eqs.  (3.2. 5/6/ 10/ 12/13/14/16/17/18/ 19/20/21 )  Into  Eq.  (3.2.15)  end  reordering  It  such  that 
the  terms  governing  the  Interior  dynamics  of  the  sensor  are  combined  on  the  left-hand  side  and  the  teres 
acting  on  the  sensor  are  combined  on  the  right  hand  side,  we  obtain  the  perforeance  equation  on  the  next 
page  which  Is  valid  for  the  sensitive  axes  of  single-  and  two-degree-of- freedom  gyros.  Ue  have  neglected 
.In  this  derivation  products  of  0,  a,  6. 

3.2.2  Additional  Error  Sources  In  Mechanical  gyros 

3.2.2. 1  Unbalance  Drift 

When  the  center  of  gravity  of  the  gyro  elaaMnt  In  fig.  3.2.1  Is  separated  free  the  center  of  support 
(l.e.  the  origin  of  the  *g*-fraam)  by 

I  *  <rx  r„  r$)T  (3.2.25) 

and  the  acceleration  vector  g‘  acting  on  the  center  of  gravity  Is  (s.  Eq.  (2.5)): 

4'  *  (Sj  9q  gj)T  (3.2.26) 

we  obtain  as  mass  unbalance  drift  Du  and  with  Its  tlee  Integral  the  error  angle  cu  per  velocity  Increment 
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(3. 2. 27a, b) 


The  mass  unbalance  drift  or  *g-dependent  drift*  defines  the  accuracy  requirements  for  the  calibration 
of  gyros.  The  mechanical  compensation  Is  generally  In  the  order  of  magnitude  of  d  •  1  °/h/g. 

For  a  gyro  rotor  with  a  diameter  of  5  cm.  a  thickness  of  2  cm  and  an  angular  rate  of  24000  rpm  the 
distance  between  the  center  of  support  and  the  center  of  gravity  may  only  amount  to: 


r<^«0.4um.  (3.2.28) 

The  high  quality  gyros  have  special  means  to  achieve  this  adjustment  (s.  Fig.  3.3.8). 

According  to  the  rule  of  thumb  In  inertial  navigation  the  gyro  drift  has  to  be  below  0.01  °/h  for  a  navi¬ 
gational  accuracy  below  1  km/h.  This  number  will  be  proved  In  Chapter  7.  The  difference  between  the  drift 
of  \  °/h/g  that  can  be  obtained  by  adjustment  and  the  required  drift  of  0.01  °/h  Is  electrically  compen¬ 
sated.  In  this  regard  the  g-sensltlve  drift  Is  considered  constant,  as,  on  an  average,  an  aircraft  Is  sub¬ 
ject  to  only  1  g  acceleration.  This  kind  of  compensation  works  only  under  the  condition  that  the  position 
of  the  float's  center  of  support  and  canter  of  gravity  are  stable  within  1/100  of  the  above  mentioned 
value,  l.e. 


Ar  •  40  %  per  d  •  0.01  °/h/g. 
3. 2. 2. 2  Anlsoelastlclty  Drift 


(3.2.29) 


This  distance  r  between  center  of  support  and  center  of  gravity  can  vary  with  the  force  acting  on  the 
center  of  grav1ty“by  (s.  Fig.  3.2.6  for  /  0  only,  with  1  -  I,S): 
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Fig.  3.2.6  Effect  of  Anlsoelastlclty 
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where  g  is  the  compliance  tensor.  So  we  obtain  at  anlaoalastlclty  drift: 

2„  .2  Ki»i* ♦  *IS«S2  -  <Ss  •  *n>  «}®S  *  So»i«6  ♦  Rio»o*s 

2  ■Tl(U,)«i,*ir  ,  ,  |.  (3-a.3i> 

W  '  So»o '  M«oo  -  «ss>  «o»s ♦  Ws  *  Si*i«oJ 

Th«  anlsoelastlclty  causes  a  static  drift  In  a  vibrating  envl  ronwmt .  Its  minimization  puts  a  challenge  on 
the  dotlgn  engineer  and  the  boaring  engineer  to  proparly  natch  tha  anltoalattlclty  of  the  global  aliment, 
the  rotor  and  itt  boarlngt  to  that  tha  total  assMbly  It  lioalattlc  [3.2] .  Tha  Isoelestlclty  of  tha  ball 
baarlngt  It  affoctad  by  tha  praload  and  tha  contact  angla  between  tha  bells  and  tha  Innar  and  outar  rlngt. 
Itoalastlc  baarlngt  Hava  a  contact  angla  of  (t.  Fla.  3.2.7.  [3.2]  and  [3.3]): 

a  •  ttn*1  1//F-  35.3°.  (3.2.32) 
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Fig.  3.2.7  Baarlngt  of  a  Gyroscope  Rotor 


3. 2. 2. 3  Ho tor  Hunting  Drift 

Tha  drift  duo  to  notor  hunting.  I.o.  In  Eg.  (3.2.22)  tha  tanas: 


"I 

“i 

A 

(3.2.33) 


nay  causa  trouble  at  higher  Input  frequencies  In  tingle-  and  two-degree-of-freedom  gyros.  The  rotor  nay 
oscillate  with  respect  to  the  constantly  rotating  aagnetlc  field  vector  at  higher  amplitudes,  especially 
If  the  danplng  of  the  motor  {$  low  -  as  for  Instance  In  hysteresis  motors  -  and  tha  gyro  case  Is  vibrating 
about  the  spin  axis  near  the  hunting  frequency.  For  hysteresis  motors  this  Is  In  the  range  of  1  to  10  Hi. 
Modern  strapdown  gyros  use  motors  with  electronic  speed  control.  This  control  network  raises  tha  damping 
to  values  of  c  »  0.2,  approximately.  Fig.  3.2.8  Is  valid  also  for  these  motors. 
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the  real  part  At  and  the  imaginary  part  la  of  tha  transfar  function  . 

Kith  u,|0  ■  *t|g  tin  2»ft  and  ■  fij  tin  (2wft  ♦♦).**  obtain  for  tha  eeen  hunting  drift: 
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(3.2.36) 


uhara  ha  and  la  have  to  ba  taken  froa  Fig.  3.2.S.  Re  approachot  -1  at  high  frequencies.  uhan  tha  rotor  can 
no  longer  follow  tha  gyro  cate  vibration  about  tha  tpln  axil.  la  It  different  froa  taro  only  In  tha  neigh¬ 
bourhood  of  tha  retonance  frequency.  Tha  coapantatlon  of  thlt  error  It  dltcutted  In  Section  7.4.4. 

3. 2. 2. 4  Errors  Due  to  Global  jeering  Friction  In  SOF  Gyros 


In  floated  SOF  and  TDF  gyros  tha  gyro  eleoant  It  In  general  tupported  by  pivot/jewel  bearing!  or  ball 
baarlngt.  Uncertalntlei  due  to  the  friction  In  the  bearings  aay  arise,  prlaarlly  If  these  gyros  are  used 
In  strapdoun  syttaas  (e.g.  SOF  gyros). 


Fie.  3.2.9  shows  the  forces  acting  In  tha  global  bearings  of  an  SOF  gyro  due  to  an  angular  rate  about 
the  output  axis  (FT  •  H  **/ c).  These  again  cause  an  uncertainty  torque  (N  ■  ub  Ff|)  and  an  angular  rate 
Insensitivity  («wj  •  2N/H]  of  twice  tha  aaount  of  the  friction  affect  In  one  direction  (t.  Fla.  3.2. 10a). 


Fig.  3.2.3  Forces  Acting  on  the  Global  Gearing  In  an  SOF-Gyro  and  Causing  Friction  Torques 

o)  b) 
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where  we  used  t)M  following  values:  for  tho  friction  coofflclont  w  ■  0.01 
for  tho  pivot  diameter  b  ■  0.0S  ca  and  for  tho  global  length  c  •  5  cm. 


(3.2.37) 

(tungsten  carbide  pivots  [3.4]), 


So  far  wo  have  assumed  that  the  SOF  strapdown  gyro  with  glabal  friction  is  equipped  with  an  analog 
caging  loop,  whore  the  torque  M  of  the  torque  generator  Is  proportional  to  the  Input  rate  wj.  If  the  cag¬ 
ing  loop  Is  a  binary  pulse-width  Modulation  loop  (s.  Chapter  4),  the  SOF  global  Is  constantly  torqued 
froM  the  negative  to  the  positive  direction  about  the  output  axis  by  naans  of  torque  pulses,  the  sun  of 
which  Is  proportional  to  the  Input  rate.  Friction  reduces  the  torque  pulses  by  M'  resulting  In  a  drift, 
or  a  scale  factor  error  of  (s.  Fig.  3.2.10b) 
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(3. 2. 38a, b) 


3. 2. 2. 5  Errors  due  to  Hydrodynamic  Effects  In  TOF  gyros 

The  following  considerations  apply  only  to  the  'free  rotor  gyro  (FR8)*  and  the  *dynan1ca11y  tuned  gyro 
(0TG)a  shown  In  Flqs.  3.1.2a  and  b  and  not  to  the  glMbelled  TOF  gyro  shown  In  Fig.  3.1.1b.  The  FRG  and  the 
DTG  exhibit  error  sources  due  to  constant  and  changing  nlsaUgnoants  (x  ■  8  ♦  a,  s.  Eq.  (3.2.12)  and  Fig. 
3.2.3)  of  the  rotor  and  the  Motor  shaft  with  respect  to  the  case.  They  are  called  'gyro  spring  rate  coup¬ 
ling  errors*  acting  as  direct  and  cross-coupling  conpononts  whereby: 

•  the  direct  coupling  drift  terns  dfj  xi  and  djo  xo  ,r*  prlnarlly  due  to  hydrodynamic  viscous  shear 
torques  and  Motor  torques  and 

-  the  cross  coupling  drift  tones  d)n  Xn  and  dftj  xi  ,r*  prlMartly  due  to  hydrodynanlc  pressure  torques 
and  electrons gnatic  Interference  betdben  rotor,  torquer  and  pickoff  (s.  Fla.  3.7.11) . 


Motor  Torque 

Viscous  Shear 
Torque 


Cross  Axis  Torque 

Causing  Direct  Coupling  Drift 


Lower  Pressure  Than  on 
Other  Side  Causing 
Direct  Axis  Torque  or 
Cross  Coupling  Drift 


Torquer 


Motor 


Stator 


Torquer 


Fig.  3.2.11  Direct  and  Cross  Coupling  Drift  in  a  Free  Rotor  Syro 

To  Include  these  terns  into  the  perforeance  equation  for  the  FR6  we  have  to  Introduce  Into  Eq.  (3.2.22) 
as  additional  drift  conpononts: 


®I  +.»l) 

e®  ♦°0j 


(3.2.39) 


It  will  be  shown  In  Section  3.4.3  that  these  drift  terms  affect  the  dynamics  of  the  sensor  and  cause 
the  misaligned  gyro  rotor  to  carry  out  a  coning  notion  which  spirally  converges  to  Its  equilibrium  The 
tine  constant  and  the  period  of  mis  notion  are  for  the  Autonetlcs  6  108  FR6  |3.S|  whose  torquers  ere 
placed  In  a  way  similar  to  Fig.  3.2.11: 


T1I  '  l/dII  *  T00  *  50  *  Tio  *  */dl0  *  T0I  *  5  *•  (3.2.40a ,b) 

This  gyro  Is  fairly  sensitive  to  rotor  ml  sal Ignments,  since  the  periods  Tjn  snd  Tgj  are  smell.  Other 
Autonetlcs  FMS's  have  larger  values  for  these  periods.  In  a  DTS  they  can  be  aaslly  increased  by  properly 
setting  the  tuning  frequency,  l.e.  by  causing  the  residual  negative  or  positive  spring  constant  duo  to  mis- 
tuning  to  cancel  din  or  dnt.  This  will  be  discussed  more  In  detail  In  Section  3.4.S.  In  this  respect  the 
DTS  Is  superior  to  the  FM.  Routine  adjustments  to  0.002  °/h/arc-sec  are  made  on  standard  DTS's  and 
0.0002  4/h/erc-sec  Is  achievable. 


The  stability  of  the  direct  and  cross  coupling  drift  depends  on  the  tightness  of  the  rebalance  leap  and 
the  stability  of  the  pickoff  plana. 
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3. 2. 2. 6  fiyro  Scale  Factor  Error 


If  mechanical  gyros  arc  used  as  angular  rata  tantors,  they  ara  In  general  equipped  with  a  rebalance 
loop  through  an  electronic  network  from  tha  gyro  plckoff  to  tha  gyro  torquer,  as  described  In  Section 
3.3.3.’  for  tha  slngle-degree-of-fieedon  gyro.  Tha  rahalanca  loop  acts  similarly  to  tha  spring  in  Fig.  3.2.2. 

For  low  Input  fra qua nc las  tha  torpua  H4  of  tha  torque  ganarator  which  drives  a  to  zero  Is  a  waasura  for 
the  Input  angular  rata  ■{  alnus  gyro  drift  discussed  In  tha  previous  tactions: 

^  ~H(w,  -  0).  (3.2.41a) 

The  torque  |§  again  Is  related  to  tha  current  1  by  tha  torqjer  scale  factor  S4  or  tha  coamand  rata 
scale  factor  S': 


Mq  •  S*  1  •  HST  1.  (3.2.41) 

In  general  tha  command  rate  scale  factor  It  called  tha  torquer  scale  factor  of  the  gyro.  He  thus  obtain: 
1  (w,  -  0)  (w,  -  0).  (3.2.41b) 

The  corresponding  output  voltage  u  •  R1  taken  over  a  precision  resistor  Is: 

(3.2.41c) 


u  *-R  -  D)  •  By  (-t  -  0)  •  *  („,  -  0). 


The  actual  gyro  scale  factor  Is  thus: 
s  .  S4  .  ST 

s  ’ro’ir  • 


(3.2.43) 


The  nonlrtal  gyro  sca.e  'tutor  S  used  for  tha  evaluation  of  tha  output  voltage  u  Is  based  on  the  nominal 
values  of  R“.  ir  and  Stx  and  Is  In  error  against  tha  actual  gyro  scale  factor  S  by 

(3.2.44a) 
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(3.2.44b) 


Tha  naasured  angular  rate  Is  thus: 

w"  -S*  u  •  (1  ♦  k)  (w,  -  0),  (3.2.45) 

where  K  comprises  all  scale  factor  errors,  tha  uncertainties  of  the  precision  resistor  («R),  of  tha  angu¬ 
lar  momentum  (<M)  and  above  all  of  tha  torque  ganarator  (a$*).  The  drift  D  eonprlses  all  error  tanas  tdilch 
ara  suamwrizeo  in  Sactlon  3.2.3. 

Eq.  (3.2.44a) shows  tha  dow Inant  role  of  tha  linearity  and  stability  of  the  torquer  scale  factor  S4  and 
the  constancy  of  tha  gyro's  angular  momentum  H  In  tha  accurate  readout  of  tha  sensor.  It  Is  Interesting 
to  note  that  these  requirements  for  linearity  and  stability  do  not  exist  for  tha  gain  of  tha  caging  loop 
electronics  (caging  loop  without  torquer,  s.  Sactlon  3.3.3. 2). 


A  typical  node)  for  tha  scale  factor  error  of  Mechanical  Inertial  Instruments  In  the  electrical  rebel an' 
ce  node  of  operation  Is  given  by  (s.  [3.6],  Chapter  2,  Eqs.  (10),  (41)  and  (62)): 

c  a  *1  1  n  2  ns  uc\ 

*  ’  *  ♦ "  T=TT  “i  *  “i  (3246) 

where,  as  Illustrated  In  Fig.  3.2.12: 

kc  •  basic  "fixed*  scale  factor;  depends  primarily  on  tha  torque  generator  stability,  hysteresis 
and  temperature  sensitivity,  which  for  Samarium  Cobalt  magnets,  a  commonly  used  material  In 
permanent  magnet  torque  generators.  Is  In  the  order  of  magnitude  of 

420  ppm/K;  (3.2.47) 


K 


a 


wV 


.  scale  factor  asywetry  error,  when  the  positive  scale  factor  S*  Is  different  from  the  negative 
one  S'  and  a  canon  value  Is  used  for  both;  k  causes  a  rectified  drift  If  the  sensor  Is  exposed 
to  a  vibrating  environment;  for  wj  ■  sin  2vft  wa  obtain  the  following  naan  drift: 


or  the  requirement  that 

slj  S-  «  10  ppm  fbr  w,  -  l  °/s  and  0*  «  0.01  °/h;  (3.2.40) 


•  linearity  errors  that  modify  the  scale  factor  error  under  high  rates;  they  depend  among  others: 


-  on  the  tightness  of  the  rmbalence  loop  (small  plckoff  angle  minimizes  the  electromagnetic 
Interference  between  rotor,  plckoff  and  torquer) 


-  and  also  on  the  torquer  design  In  a  binary  pulse-width  modulation  rebalance  loop  (the  torque 
pulses  may  cause  eddy  currents  depending  on  the  Input  signal  [3.7]). 


Sensor  Output  Voltage 
Evaluation 


Scale  radar  Error 


a)  far'  stole  (actor  error 


b)  asymmetry  scale  (actor  error 


c)  linearity  scale  factor  error 

- evaluation  based  on  nominal  stole  (odor  S* 

- measurement  based  on  octuol  stole  (odor  S 


Fig.  3.2.12  Gyro  Scale  Factor  Error  Model 
3. 2. 2.7  Errors  not  Included  In  the  Analysis 


There  are  error  sources  which  vary  from  sensor  to  tensor  and  which  can  hardly  be  analysed  In  general . 
If  stable  from  test  to  test,  they  can  be  modelled  empirically.  Soma  of  them  are  listed  below.  They  may  be 
due  to 

-  a  residual  spring  torque  of  the  'pig  tails",  t.e.  the  thin  current  leads  frtmi  the  gyro  case  to  the 
global  element 

-  magnetic  Interferences  from  the  plckoff  and  terquer;  they  depend  on  the  angle  between  the  gyro  case 


temperature  changes,  especially  In  floated  gyros,  where  the  drift  due  to  mass  unbalance  depends  on 
the  taepereture 

the  flow  of  the  flotation  liquid  due  to  taepereture  gradients  In  floated  gyros,  where  the  gyro  ele¬ 
ment  Is  kept  buoyant  In  the  liquid  (s.  Section  3.3.3) 

the  un symmetric  flow  of  the  gas  In  double  Integrating  gyros,  where  the  gyro  element  Is  kept  buoyant 
by  means  of  a  hydrostatic  gat  bearing  (s.  Section  3.3.4) 


-  th*  sensitivity  to  vibrations  *t  spin  frequency  when  th*  rotor  hot  mu  unbalance 

•  th*  sensitivity  to  vlbrotlont  ot  twice  tho  spin  frequency  In  dynamically  tuned  gyroscopes  (OTG,  t. 
Soctlon  3.4.4) 

-  tho  random  torques,  duo  to  boll  burlng  nolto.  for  Instonco  (rondo*  errors  duo  to  tho  digitizing  pro- 
cut  oro  trootod  In  Chiptor  4). 

3.3.3  Sumeerv  of  Dotonilnlttlc  Errors  tnd  CgmMtvon  tholr  Cooponutlon 

Th*  rotultt  of  tho  previous  toctlont  oro  sumarlzed  In  th*  Toblu  3.3. It  to  3.3.3b  on  tho  n*xt  ptg*t. 

At  compared  to  Eq.  (3.3.33)  term  of  no  tlgnlflctnc*  hoy*  bun  oalttedT 

Th*  Toblu  3.3.1*  and  3.3.1b  opply  to  th*  SOF  gyro  tnd  Includ*  th*  nomnclatur*  tnd  symbols  tt  uttd  by 
th*  “Gyro  tnd  Accel  eromter  Subcomlttu  of  the  IEEE  Aerospace  tnd  Eltctronlc  Syttmt  Society*  In  Itt 
Standard  Specification  Format  Guide  tnd  T*tt  Procedure  for  Single- Oegrm-of-Fratdoa  Pate  Integrating  Gyros* 
and  Itt  *Supp1tMnt  for  Strapdown  Application*  [3.61.  Alto  Included  In  thou  tablet  are  atutmontt  on  th* 
requiroMntt  for  error  coapmtatlon  In  an  INS  (drift  <  0.01  °/h)  and  In  an  AHPS  (attitude  and  hudlng  reft- 
ronce  system,  drift  <  S  °/h).  uheroby  m  have  tttumd~a  fairly  benign  dynaalc  uvlroraut  of  1  °/t  MS  ron¬ 
do*  angular  rate.  O.T  g  man  acceleration  and  O.S  g  MS  randoe  acceleration. 

Th*  Tablet  3.2.3a  and  3.3.3b  apply  to  th*  TOF  gyro.  We  hay*  attuMd  for  th*  nuMrlcal  evaluation  of  dy- 
n**1c  errors  depending  on  th*  gyro's  moments  of  Inertia  that  th*  rotor  It  a  ring  with  an  outer  dl tatter  of 
50  an,  an  Inner  dl  teeter  of  30  m  and  a  width  of  10  at.  Me  thus  obtain  th*  following  mmntt  of  Inortla 

1  ■  416  gm  ca*  about  th*  tpln  axis, 

J  ■  316  g*  ca2  about  th*  transverse  axes.  (3. 3. 49a, b) 

Th*  slngle-dtgrec-of-frtodo*  floated  gyro  and  th*  dynaalcally  tuned  two-degru-of-froedo*  gyro  have 
proven  excellent  perfonunc*  In  platfona  system.  The  term  In  Tables  3.3.1a  and  3.3.3*  are  fairly  stable 
for  sensors  of  ’Inertial  quality  and  are  hence  coapenstbl*. 

When  atchanlctl  gyros  are  exposed  to  th*  dynaalc  envlroraaent  of  strepdown  system  their  perfonaanc*  de¬ 
teriorates  condlderably,  prlmrlly 

-  du*  to  th*  sensors'  alsallgnaent  (s.  Table  3.3.1a,  Row  4  and  Table  3.3.3a,  Row  S), 

-  du*  to  th*  coaaaand  rate  seal*  factor  errors  (s.  Table  3.3.1a,  Row  5  tnd  Table  3.2.3a,  Row  8)  and 

-  du*  to  th*  fact  that  th*  sensing  element  Is  not  Mttless  tnd  dynaalc  errors  arise  (s.  Tables  3.3.1b 
and  3.3.3b). 

Th*  deteralnlstlc  error  aodel  In  these  cables  a*y  serve  as  a  basis  for  error  coapensatlon  once  th*  suffi¬ 
cients  have  been  defined  as  a  result  of  laboratory  tests  and  flight  tests  (s.  [3.8]  and  [3.9]).  Th* 
astessaent  of  th*  coapensatlon  accuracy  leaver  the  lapresslon  that  th*  requl resents  for  the  us*  of  both 
sensors,  th*  SOF  and  th*  TDF  gyro.  In  an  attitude  and  hudlng  reference  systea  (AHPS)  can  be  mt  uslly, 
but  tern  very  hard  to  aut  In  an  Inertial  navigation  systea  (INS).  However  publications  on  flight  test  re¬ 
sults  with  strapdown  navigation  system  using  DT6's  (Litton  LN-50,  Teledyne  TDY-704A)  on  board  an  exe¬ 
cutive  jet  [3.11]  and  a  civil  transport  aircraft  [3.13]  art  prcalslng  In  this  respect  (<  1  NN/h). 

Gyro  error  coapensatlons  were  lapleaented  In  th*  LN-50  for  [3.11]: 

-  Bits 

-  g- dependent  drift 

-  sisal Igment  of  plckoff  plan*  and  gyro  spin  axis 

-  ao tor  hunting 

•  anlsolnertla  and 

•  output  axis  angular  acceleration. 

In  a  sore  severely  dynaalc  environment  additional  performance  degradation  will  arise 

-  du  to  th*  Halted  bandwidth  of  th*  sensors  (In  th*  order  of  80  bo  300  Hz)  and  th*  coapensatlon  algo¬ 
rithm  and 

-  du  to  non-detected  error  term. 


Scientists  put  auch  hop*  on  th*  ring  laser  gyro  which  at  th*  expense  of  size  proalses  laproved  perfor¬ 
mance  In  a  dynaalc  environment. 

In  th*  next  few  sections  w*  will  discuss  the  us*  of  SOF  and  TDF  gyros  at  angular  rate  sensors  and  as 
stabilization  devices. 


R  (I  I  r  k  s 


Requl  regents  for  Compensation  In  an 
IKS  (1X0.01  °/h)  AHRS  (D<5  °/h) 


due  to  residual  torques  (pig  tails.  Inductive  plckoff  and  torquer), 
fluid  and  gas  flow,  temperature  effects;  aay  vary  with  time  and 
has  to  be  recalibrated 


s.  Sections  3. 2. 2.1  and  3.3.4; 

due  to  unbalance  (temperature  sensitive),  turbine  torques 


s.  Section  3. 2. 2. 2; 
due  to  compliance  of  glmbal  element  and  bearing;  always  rectify¬ 
ing  in  a  vibrating  environment;  varying  with  high  frequencies  [3.9J 


rectifying  only  when  and  gk  are  correlated; 


_a  1  ,a  * i  * i  a) 
0  *  7  d1k  %  9k  cos*  ^ 


for  unidirectional  angular  rates  a  and 
0  may  be  regarded  as  error  angles  per  1  rad  angular  aiotlon 


$.  Section  3. 2. 2. 6; 

uc  •  earth  rate  +  transport  rate  in  platform  environment; 
a1  «  vehicle's  angular  rate  In  strapdown  environment; 

1  fixed  scale  factor  error  due  to  temperature  sensitivity 
of  torquer  resulting  in  error  angle  per  turn; 


11  asymmetry  scale  factor  error  resulting  In  rectified 
drift  In  vibrating  environment  (s.  Eq.  (3.2.48)); 

ill  nonlinearity  scale  factor  error,  troublesome  at  high 
rates,  resulting  In  error  angle  per  turn,  $.  above. 


<0.01  7h 


<5  °/h 


<0.1  7h/g  <50  7h/g 

If  mean  acceleration  <  0.1  g 


<0.04  °/h/92 


<20  °/h/92 


If  linear  vibration  <  0.5  g  (RMS) 


In  strapdown  systems  a  and  S 

<20  arc  sec  <3  arc  min 

for  a  tolerable  error  angle  per  turn  of 

<2  arc  min  <20  arc  min 


In  strapdown  systems  k: 

<100  ppm  <1000  ppm 

for  a  tolerable  error  angle  per  turn  of 

<2  arc  min  <20  arc  min 

<10  ppm  <4000.  ppm 

If  angular  vibration  <1  °/s  (RMS) 

<200  ppm  <1000  ppm 


Gyro  In  a  Platform  and  Strapdown  Envlronaent 


IEEE  Subcowelttee  Error 
Model  and  Symbols  [3.8] 


n  I 

Jo“to 

Tr 

J0  • 

'  ir  “to 

(JS  -  jj)  Olj  <l)j 

Js  •  JI 

+  I  n 

*  H  “S  “I 

'  eG“S 

-  9oUs 

2V  !  l“0l 

„  b  l“o! 

+  °u  (“o> 

+  other  terms 

+  other  terms 

Nomenclature  and  Symbols 
Usad  In  this  VoIum 


drift  due  to  motor 
hunting  rata  t 

Dh  ■  f^.  «j) 


angular  accal oration 

0^  ■  d**  hq 


anlsolnartla  drift  rate 
o1  ‘  dSI  “S  “1 


cross  coupling  drift  rata 
Dc  •  f(«!  «s) 


measurement  dead  band  due 
to  global  bearing  fric¬ 
tion  If  analog  caging 
loop  Is  used 


drift  or  scale  factor 
error  due  to  global  bear¬ 
ing  friction  If  binary 
pulse-width  nodulatlon 
caging  loop  Is  used 


output  axis  rate  error 


“l,0  *  “1,0  2nft 


Uj  •  Uj  sin  (2rft  +  ♦) 


■  Uq  sin  2Tft  >  (it.  for  a  second  gyro  In  a  system;  s.  Section  7i4. 4  for  computation  of  this  pseudo- 
coning  error  at  systao  level 


Table  3.2.1b  Additional  Deterministic  Error  Terms  of  a 
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R  •  a  «  r  k  s 


Requirements  In  an 


s.  Section  3.2.2. 3;  rectifying  If  wj  and  are 
correlated; 

-c  fi»  ») 

0"  »  -  ^  -  (Re  cos*  +  Im  sin*) 


IKS  ( D  <  0.01  °/h) 

above  bunting  frequency 

£5  S,  <  1 (°/s)2; 

otherwise  compensation, 
s.  Section  7. 4. 4. 4 


with  Re  and  la  from  Fig.  3.2.8;  I 

for  frequencies  above  hunting  frequency  (1  to  10  Hzl: 


Re  ■*  -1. 


AHRS  ( 0  <  S  °/h) 

no  special  means  re¬ 
quired  for  suppres¬ 
sing  this  effect 


s.  Section  7.4.4. 3.4; 

giving  rise  to  nseudoconlng  error  on  system  level; 


DP 


i  -2 
J0“0 
7T  n~ 


b) 


can  be  optimized  by  proper  output  axis  orientation; 


for  Ja/H  «  10  °/h(°/s2),  as  typical  value  for  an  SDF 
gyro,  and  •  1  ®/s  (RMS): 

<T'5°/li  ?  »  5  °/h 

compensation  necessary  compensation  not  ab¬ 

solutely  necessary 


rectifying  only  If  uj  and  wj  are  correlated: 


7 


J$  -  Jj  Wj  Uj 

2T - “ 


«) 

COS* 


for  (J«-Jj)/H*0.03P/h(°/s)2  as  typical  value  for  an 
SOF  gyro,  and  £5  u>j  ■  l(°/s)*: 

compensation  necessary  no  compensation  ne¬ 

cessary 


rectifying  only  If  05  and  ui  or  un  are  correlated; 
can  be  kept  low  with  high  loop  gain;  attributable 
to  scale-factor  error,  s.  Eq.  (3.3.3). 


Spin-Input  rectification: 

—  en  u,  oL  a) 

Dc  *  I„  ]  “1  “s  "  (Re  cos*  +  sin*) 

with  Re  and  Im  -  real  and  Imaginary  part  of  gyro 
closed-loop  transfer  function,  [Gr/a.l  s.  Eq. 
(3.3.18).  v  1 

Spin-output  rectification: 


requlreeent  for  closed  loop 
transfer  function: 

Re  or  In 

<0  6  ffiLSK 
°/s 

per  SIi0  £3  <  1  (°/s)2 


no  demanding  require¬ 
ments  for  closed-loop 
transfer  function 


°C  “  “0  “s  “  (Re  cos*  +  Im  sin*)  ^ 

with  Re  and  Im  «  real  and  Imaginary  part  of  gyro 
closed-loop  transfer  function  [Gq/uq] . 

s.  Section  3. 2. 2. 4; 
u  «  friction  coefficient 
b  •  pivot  diameter 
c  *  glmbal  length; 

countermeasures:  dithered  jewel  bearings,  ball 
bearings,  taut  wire  suspension. 


s.  Section  3. 2. 2. 4; 
scale  factor  error 


b  SI 

c  “imax 


for  pivot/jewel  bearings  *  1  °/h/(°/s) 
not  tolerable  tolerable 


for  pivot/jewel  bearings  *  1  ppm/(°/s) 
tolerable  tolerable 


apparent  Input  axis  misalignment;  function  of 
various  orders  of  uq;  may  be  discontinuous; 
depending  on  glmbal  support  Including  flotation 
fluid  [3.8] 


Single- Deg ree-of-Freeden  gyro  In  a  Strapdown  Environment 


li 


ncmeneleture  end  Svmbols 
Used  In  this  Volume 


«S 

-  w  rrs9i  -  ri  9’s  3 

'  H  frS90  *  r09S^ 

+  D090 

+  0I9I 

*£  t^is 9s2-  Si9!2 

*T  Wi-  Kso9o2 

■  (*SS  *  KIl)  9 1  9S 

*  (Ss  “  *(»>  909S 

■  KS09I90  +  KI0909y 

+  Koi9i9s-st9i9y 

*  “0  “s  +  Pis  <■* 

♦  aI  “S  *  ®0S  “I 

-  djj  aj  +  dI0  Og 

■  d00a0  '  d0I  °i 

-  dII  9I  *  dI0  eo 

'  doo  eo  *  d0I  ei 

„  ,  t 

1 

t 

♦  KI  “I 

+  kq  wq 

♦  other  terms 

♦  othtr  ttnas 

ecceleretlon  Insensitive  drift 
rete 


®'it  "  »k  ,1n  <2,ft  *  ♦) 


ecceleretlon  sensitive  drift  rete 
Ou  -  II  d“  9!, 


ecceleretlon  -  squered  sensitive 
drift  rete  or  enlsoelestlclty 
drift  rete 

+  - l' l  i 


•Isellgnment  drift  rete 

*  •  I** 1-1 

direct  end  cross  axis  spring  rete 
coupling  due  to  mlsellgneent 

D“  -  Z1 


direct  end  cross  exls  spring 
rete  coupling  due  to  control 
offset 


“  -  li  d®  e. 


drift  rete  due  to  gyro 
scele  fector  error 


+  «’  ♦  x"  (.')«] 


Teble  3.2.2e  Deterministic  Error  Model  of  e  Two-Degroe-of- 
In  e  Pletfone  end  Strepdown  Envlroneent 


sin  2irft 
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Rill  rks 


Requlreamnts  for  Compensation  In  in 
INS  (D<0.01  °/h)  AHRS  (D<5  °/h) 


due  to  residual  torques  (magnetic  Interference  of  plckoff  and 
torquorjln  floitod  gyros  fluid  flow;  In  FRG  and  DTG  flow  condi¬ 
tion  on  rotor  periphery  (laminar,  turbulent)  [3.5],  effect  of 
plckoff  plane  variation  on  plckoff  angle-dependent  drift 
tanas,  s.  Rows  6  and  7);  nay  vary  with  fine  and  has  to  be 
recalibrated 


<0.01  °/h 


<5  °/h 


s.  Section  3. 2. 2.1; 

due  to  unbalance  (taa^erature  sensitive);  in  FRG  and  DTG: 

rI,0  *  0 


<0.1  °/h/g  <50  °/h/g 

If  swan  acceleration  <  0.1  g 


In  FRG  due  to  rotor  ccapl  lance  [3.5],  In  DTG  due  to  quadra¬ 
ture  penduloslty  [3.10  and  3.20] 


s.  Section  3. 2. 2. 2; 

In  floated  gyro  and  DTG:  due  to  glnbal  conpl lance;  always 
rectifying  in  vibrating  envlronaent 

in  floated  gyro  and  DTG:  due  to  glabal  coapl lance;  In  FRG 
due  to  gas  bearing  Incoapresslble  effect  [3.5],  rectifying 
only  when  gj  and  gj,  are  correlated; 

°*  "  7  “ik  k  co,*i) 

s.  Row  above;  In  FRG  due  to  gas  bearing  compressible  effect 
[3.5] 


<0.04  °/h/gZ  <20  °/h/g* 

if  linear  vibration  <  0.5  g  (RMS) 


for  unidirectional  angular  rates  a  and  6  nay  be 
regarded  as  error  angles  per  1  rad  angular  notion 


effective  In  FRG  and  DTG  only;  due  to  hydrodynaalc  torques, 
notor  torques,  windage  torques;  additional  error  sources  In 
DTG:  nlstunlng  and  daMpIng  of  flexures  cause  spring  rate 
coupling  in  cross  axis  and  In  direct  axis,  respectively 
[3.10];  sensitive  to  adjustment  and  stability  of  plckoff 
plane,  s.  Section  3. 2. 2. 5;  In  DTG:  din  and  doi  can  be  com- 
pensated  by  variation  of  tuning  condition,  $.  Sections 
3.2.2. 5  and  3.4.5 


s.  Row  6;  causing  randon-drlft  In  platform  environment  and 
mneuver-dependent  drift  In  strapdown  environment 


1  ■  1,0;  J  *  1,0,  with  [9,/uj]  *  transfer  functions;  can  be 
kept  low  with  high  loop  gain,  s.  Eq.  (3.4.23) 


s.  Section  3. 2. 2. 6; 

wj  >  earth  rata  +  transport  rate  In  platform  environment; 
w*  >  vehicle's  angular  rate  In  strapdown  environment; 

I.  fixed  scale  factor  error  due  to  temperature  sensitivity 
of  torquer  resulting  In  error  angle  per  turn; 

II.  asjmuetry  scale  factor  error  resulting  In  rectified 
drift  In  vibrating  envIroniMnt  (s.  Eq.  (3.2.48)}; 


In  strapdown  system  a  and  6 
<20  arc  sec  <3  arc  min 

for  a  tolerable  error  angle  per  tunt  of 
<2  arc  min  <20  arc  min 

for  djj  *  dgQ  »  0.02  °/h/arc  sec 
(s.  Eq.  (3.2.40a)): 

a  <  0.5  arc  sec  a  <  8  arc  min 


requirements  for  8  not  so  tight  as  for 
a  In  Row  6  since  8  depends  on  aircraft 
maneuvers  which  change  with  time 


In  strapdown  systems  < 


<100  ppm  <1000  ppm 

for  a  tolerable  error  angle  per  turn  of 
<2  arc  win  <20  arc  min 

<10  ppm  <4000  ppm 

If  angular  vibration  <  1  °/s  (RMS) 


111.  nonlinearity  scale  factor  error,  troublesome  at 
high  rates,  resulting  In  error  angle  per  turn, 
s.  above  1 


<200  ppm 


<1000  ppm 


In  DTG  especially  drift  rata  due  to  twice  spin  frequency 
angular  notion  and  torques  [3.10  and  3.58];  giving  rise  to 
turn-around  error  of  DTG  on  platform  due  to  differing  struc 
tural  compliance  of  platform  with  aslauth  angle. 


Gyro  (Global led,  Free-Rotor  Type  aid  Dynamically  Tuned) 


1  *1 


J  “I 
*TrT 


Nomenclature  and  Symbols 
Used  In  this  Volume 


drift.**  to  motor  hunting 
rate  * 

^  '  f<"s- 1.0> 


angular  acceleration  drift  rsto 

*  *  <p  "1,0 


,,  .  0,  SI 

•  (1  V  ~ 


•  <i  -  }i  2? 


anlsolnertla  drift  rat* 
1,1  "  d].k  "J  *V 


5  +  other  terms 


+  other  terms 


cross  coupling  drift  rate 


a)  “1,0  *  °I,0  Sln 


toj  «  sin  (fsft  +d) 


Table  3.2.2b  Additional  Deterministic  Error  Terms  of  a  Tuo-Degree-of-Froedom 
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Rtitrki 

Requl renew ts 

IK  (0<0.01  °/h) 

In  on 

ms  (o<5  */h) 

s.  Section  3. 2. 2. 3; 

rectify  ng  If  «|>0  ind  uj  ire  com  Is  tad: 

v  fl.0,0  1) 

M.0  "  ~  7n  (*•  eos*  *  lm  *<"♦) 

with  Re  and  In  from  Fig.  3.2.8;  for  frequencies 
above  bunting  frequency  of  1  to  10  Hz:  Re  *  *1 

above  hunting  frequency: 

1  , 

1  ®SftI.0<K#/»)‘ 

otherwise  conpensatlon, 
s.  Section  7. 4. 4. 4 

i 

1 

1 

no  special  neons  re¬ 
quired  for  suppressing 
this  effect 

s.  Section  7. 4. 4.3. 4; 

giving  rise  to  pseudoconlng  error  on  systaai  level 

for  0/1  •  0.5.  n  -  100  Hz  and  ft,  0  -  1  °/s  (RMS): 

^.0  *  '  *In  °0,I 

^.0  “  0  014 

6/h 

conpensatlon  racanaa wiled 

no  conpensatlon 
necessary 

rectifying  only  If  «j  and  «if  Q  are  correlated 

for  (l-0)/l  ■  0.5,  n  -  1»  Hz  end  0  flj  «  1  (°/s)2 

*1.0  •  0  014 

°/h 

conpensatlon  rnwandad 

no  conpensatlon 
necessary 

Rectifying  only  If  w,  and  u.  n  are  correlated; 
can  be  kept  low  wlttrhlgh  IMp  gain;  attribute 
to  scale  factor  error,  s.  Eg.  (3.4.73). 

requlrenent  for  closed- 
loop  transfer  function 

In  direct  end  cross  axis* 

no  denuding  requlrenuts 
for  closed-loop 
transfer  function 

Spin-Input  rectification: 

Re  or  In 

<  0.6  ,r‘  "* 

°/s 

PW 

°I  0  “s  ») 

*  •  (Re  cos*  ♦  In  slnd) 

ai,o  ®s  - 1(0/*)2 

with  Re  and  In  •  real  and  Imaginary  part  of  gyro 
cross-axis  closed-loop  transfer  function 
[e0>I/u,<0],  s.  Eqs.  (3.4.21)  end  (3.4.23). 

Spin-output  rectlflcetlon: 

u?.o*(^N.i“s’ 

.  (Re  cose  +  In  sing) 

with  Re  and  In  •  real  and  imaginary  part  of  gyro 
direct  axis  closed-loop  transfer  function 

s.  [3.10]  and  [3.58];  In  OTG  especially  due  to 
twice  spin  frequency  sensitivity 

b)  t  I  *  °0  1  *1n  ■  *1  D  fflr  *  Mawd  OF™  *"  »  system;  *.  Section  7.4.4  for  tho  co^uUtlon  of 

i,u  this  pseudoconlng  error  it  systan  lml 


Gyro  (Free- Rotor  Typo  and  Qynulcally  Tuned)  In  ft  StripdoM  Environment 


kfc- 


I 


{ 


i 
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3.3  Tta  Usa  of  Sltale-Oeeraa  of-Froadoa  IMF)  jgw  as  fjjgrttr  MU  Swwn  and  Stabl  llatlon  Devices 
3.3.1  tansies  of  tta  «F  6m 

Tta  SOF  6 yre  shown  with  clastic  restraint  MM  deeper  In  Fig.  3.1.1  tM  3.1.3  Ms  angular  freeden  about 
tM  yexls  only  (tj  ■  0)  tM  wo  will  evaluate  this  coaponent  fro*  Ep.  (3.2.22  ff.). 

Tm  restraint  torque  HjJ  1$  coaposwd  of  tM  spring  «M  deeper  torques  ts  shown  In  Fig.  3.1.1. 

.  -Mq  -  C^,  (3.3.1) 

which  wo  Introduce  Into  tM  regaining  port  of  Eq.  (3.2.22).  Containing  tone  tones  Into  tM  offoctlwo  spring 
coofflclont  K' ,  wo  obtain  as  performance  aquation  of  tM  SOF  gyro: 

(Jq  P2  ♦  Cp  ♦  K’)^  •  H(wj  -  0)  ♦  -  H(w,  -  w*  -  0)  (3.3.2a.b) 

wMrw  M|  Is  tM  Input  slgMl  Including  Its  orrort  listed  In  Tables  3.2.1a  and  b  and  w*  Is  tM  coaaata  rata. 

TM  ef'xtlve  spring  coefficient  Is: 

f  •  K[1  ♦  £  (1  ♦  i)  {  (0$  -  4j)(«|  -  -j)]  -  Ml  ♦  |[  »t).  (3.3.3a.b) 


This  tera  depends  on  tM  vehicle's  dynamics  as  does  tM  gyro's  scale  factor  regardless  of  whether  k  Is 
tM  eacMnlcal  spring  coefficient  or  tM  gain  of  tM  reoalanca  loop  (electrical  spring  coefficient).  A 
high  loop  gain  alnllms  this  dependence  as  shown  In  Table  3.2.1b,  taw  4  (s.  alto  Section  3. 3. 3. 2). 

For  very  high  frequencies  tta  appliance  of  tta  global  support  and  tta  global  bearings  Ms  to  M  taMn 
Into  account  and  provides  tM  SOF  gyro  with  additional  free  don  about  tM  Input  axis. 


Introducing  Into  Eq.  (3.2.22)  tM  restraint  torque  about  tM  Input  axis 

Nj  -  -R,  8j  (3.3.4) 

ana  nay  show  that  tta  perfornance  equation  of  tta  SOF  gyro  is  affected  In  two  aspects: 

-  tta  effective  nonent  of  inertia  of  tta  sensor  about  tta  output  axis  Is  changed  ft.  [3.1],  Chapter  6, 
and  [3.9],  Ctaptar  5): 

OJ  -  JQ  +  H2/*,  (3.3.5) 

-  and  tta  gyro  float  nay  carry  out  an  oscillation  with  respect  to  tta  case  about  tta  Input  and  output 
axes  slnllar  to  tta  nutation  oscillation  of  tta  two-degree  of-freedon  gyro  (s.  Eq.  (3.4.8));  the  na- 

iral  frequency  of  this  oscillation  Is: 


nl 


K.  u2  1/2 


II30  • 


(3.3.6) 


.This  oscillation  can  In  general  M  neglected,  since  In  practice  tta  gltasl  support  Is  so  stiff  ttat 
>  100  Hi. 


In  floated  SOF  gyros  anottar  effect  takes  place  at  high  frequencies  when  tta  fluid  couples  to  tta  ‘dry* 
Inertia  of  the  float  and  Increases  its  woennt  of  Inertia  about  tta  output  axis.  In  [3.8],  Section  6.3  this 
phanonanon  Is  taken  into  account  by  Introducing 


J0  .  °0 
1 T  ■  TT 


♦  T 


(3.3.7) 


with  tb  »  tine  constant  Increeent  due  to  fluid  pass  coupling.  TM  text  In  [3.8]  reads: 


...  is  a  *  .  <  of  dynaalc  fluid  effects  and  Is  negligible  at  frequencies  Mlow  tta  Inverse  of  tta 

nawlnal  :  cerlstlc  tine.  It  Is  considered  basically  due  to  tta  aass  of  daaplng  fluid.  TM  degree 

to  which  eta  fluid  wass  Is  couplad-ln  depends  on  tta  gyro  design  and  tta  fluid  velocity  and  accelera¬ 
tion  at  each  point  In  tta  daaplng  gap  and  Is  therefore  also  a  function  of  tta  frequency  of  angular 
accelerations  applied  to  tta  output  axis.* 


He  will  discuss  In  tta  next  three  sections  three  typical  SOF  gyros. 


3.3.2  Th*  Bat* 


A*  Its  MM  Indicate*,  tea  rate  gn  1*  used  for  measuring  tea  angular  rate  of  a  vehicle.  It  K*i  alraady 
boon  mentioned  teat  tel*  can  alio  te  achieved  with  otter  tantors,  o.g.  rata  Integrating  gyro*  with  servo 
loops,  non-gyroscopic  angular  rate  tantort  or  avan  tea  laser  gyro,  lut  tte  rata  gyro  provide*  a  good  com- 
blMtlon  of  slopllclty  and  accuracy. 

In  Fla.  3.3.1  wa  find  tte  eu.-aw*.  via*  of  a  rate  gyro  which  My  bo  representative  for  tte  greet  mater 
of  prefects  of  similar  design  ofTa.ed  by  tte  dlfforant  MMfacturert.  Tte  layout  1*  stellar  to  tte  sketch 
In  Figs.  3.1.1  and  3.2.3. 

In  this  sensor  tte  rotor  Is  Hunted  within  a  consul*  which  Is  sml-floatad.  Paddlas  provide  hydrodynamic 
darning  which  can  b*  held  constant  over  a  wide  temperature  range  by  Mins  of  a  oachanlcal  ballow-controllad 
coapansatlon,  where  gaps  between  paddlas,  affecting  tte  viscous  torque.  change  duo  to  tte  tMperature. 


Fig.  3.3.1  Tte  Northrop  GN-65  Sutelnlatura  Rata  gyro 


Mln( 


In  tte  rata  gyro  tte  elastic  restraint  Is  predominant  and  we  obtalnf  Eq.  (3.3.2)  iB«»*  Laplace  do- 
n(marked  with  ~)  If  In  K‘  (s.  Eq.  (3.3.3))  tte  terms  tea  to  tte  vehicle's  dynamics  are  neglected  (K  •  K). 


-jjflL 


°°  '  (Jjj/KJs2  ♦  (C/K)s+l  '  1 


(a,  -  a  -  &). 


(3.3.8) 


angle 


Except  In  tte  turn  Indicator  where  Oo  Is  directly  usad  to  move  tte  tend  of  tte  Indicator,  tte  output 
lie  Is  converted  Into  a  voltage  u  as  a  measure  for  tte  Input  rate  wj: 


1  ®0 


.  .U* 

s-s 


(3.3.9) 


whereby  S  -actual  scale  factor  of  tte  rata  gyro,  lasod  on  tte  nominal  scale  factor  ?  which  may  be  In  error 
by  «  with  respect  to  S,  tte  voltage  u  Is  evaluatoJ  on  systM  level  to  obtain  tte  measured  angular  rate  -  . 
So  we  find  as  transfer  function  of  tte  rat*  gyro  including  tte  error  ter**: 


S*  •  S*  u  »  S  (1  ♦  «)  0  * 


1  ♦ 


xjmsrn 


(«!  -  a*  -  D), 


(3.3.10) 


for  which  tte  different  sjmbols  and 
a  detailed  and  a  combined  block  dlegi 
plot  for  any  second  order  system  described 
ratio  correspond  to  Eq.  (3.2.35). 


characteristic  figures  are  presented  In  Table  3.3.1.  Fig.  3.3, 
inm  for  tte  rate  gyro.  In  Fla.'i.U  wa  find  tte  normalized  fr 
tribed  by  Eq.  (3.1.10),  where  tte  natural  frequency  and  tte  da 


i  shows 
requency 
damping 


Tte  accuracy  of  tte  rat*  gyro  depends  to  a  large  extent  on  tte  stability  of  tte 
plckoff  plan*.  Thus  tte  accuracy  Is  limited  and  In  general  on*  may  Ignr*  tte  error  model  In  Table  3J.l*,b 
for  these  Instruments.  From  tte  standpoint  of  high  signal  to  Mis*  ratio  a  weak  spring  1"  tte  rate  gyro 


b*  desirable  (Eq.  (3.3.9)).  But  with  a  weak  spring  tte  cross  coupling  Ihtjn tte  affective  elastic  ra- 
,»..wt  Eq.  (3.3.3)  becomes  more  dominant  and  the  sensor's  seal*  factor  chanje*  with  tte  •W’*!"  motion  of 
tte  vehicle,  gyros  for  measuring  angular  rateswlth  high  precision  must  therefor*  have  •" 
which  allows  a  good  signal  to  noise  ratio  (<10*1  and  keeps  the  cross  coupling  low.-  The  problem  of  nigh  qua- 


would 

stralnt 


llty  rota  mNSurwaant  will  be  discussed  In  action  3.3.3. 


rig.  3.3.2  Detailed  and  Conblnad  Hock  DlagrM  for  •  Rato  Gyro 


Fig.  3.3.3  Frequency  Response  of  a  Second-Order-Syst— 


Parameter 

Unit* 

Characteristic 

Volvo 

Mo— nclatyro 

“l—x 

°/* 

10  to  5000 

— xlaun  Input  rata 

*torin 

°/s 

o.oi  to  o.oe 

threshold  and  resolution 

- 

X  of  applied  rate 

0.1 

hysteresis 

- 

°/s 

0.1  to  0.5 

zero  offset 

M^/H 

Su  K 

*  *^oaK^® 

<0.1 

disturbance  torque  (mss 
unbalance) 

S-V 

(°/*)/v 

adjustable 

scale  factor 

V 

(°/s)/(rad/sl) 

<0.1 

angular  acceleration  sen¬ 
sitivity 

t»"  - 

Mi 

10  to  120 

natural  frequency 

C  -  C a»"/<2K) 

- 

o.l  to  1.0  typical 

d— ping  retie 

Tabla  3.3.1  Parameters  and  Figures  Specify log  a  Rato  tyro 


mm 


j? 


In  general  rat*  gyros  do  not  ha**  t  torque  generator  except  for  self- test-purposes.  Sm  Mmifacturara 
of  rat*  gyros  off*r  a  g 1*6*1  torquer  and/or  sain  actor  detection  for  self-test  as  options.  Th*t*  options 
art  *ary  useful  In  aircraft  control  loops  such  as  In  blind  landing  tysteas  uhlch  require  high  rallahlllty. 
Tha  rate  gyro  equipped  ulth  a  torquer  will  react  to  a  torquer  current  In  a  fashion  slallar  to  an  Input  an* 
gular  rat*.  In  this  way  global  fraedoa,  downs traaa  electronics  and  system  response  can  be  checked.  The  spin 
rotor  detector  aeaturet  the  angular  speed  of  the  gyro  rotor  optically  or  Inductively.  Thus  the  functioning 
of  the  sensor  can  be  tested  and  In  case  of  any  failure  tha  electronics  can  switch  over  autoaatlcally  to 
the  standby  gyro. 


3.3.3  The  hate  Integrating  gyro  (*16) 

The  rata  integrating  gyro  Is  slallar  te  the  rate  gyro  shewn  la  Fig.  3.3.1  (Northrop  GR-G5),  but  without 
the  spring  restraint.  It  Is  used  as  a  stabilisation  device  an  attitude  reference  platforms  or  Inertial 
platforas  or  at  a  strapdown  rate  sensor.  In  the  fomar  application  It  has  teen  replaced  In  recant  years  by 
the  tuned  gyro  because  of  certain  advantages  of  the  latter  which  will  te  shown  later  (a.  Section  3.4.4). 

It  Is  used  In  systems  of  very  high  accuracy  such  at  ear In*  tysteas.  Efforts  have  been  undertaken  by  the 
Charles  Stark  Draper  Laboratory  and  Northrop  to  develop  It  as  the  "Third  generation  Gyro  TG6",  l.e.  In  Its 
most  accurate  version  for  strapdown  space  application.  In  the  application  as  a  strapdown  ret*  sensor  the 
RIG  Is  equipped  with  a  control  loop  fra*  the  plckoff  to  the  torquer  In  order  to  keep  the  plckoff  anal*  On 
near  zero.  Since  the  servo  loops  and  especially  the  dynamic  anvlrowwnts  are  different  In  both  applica¬ 
tions  we  will  discuss  the  corresponding  RIG  performance  separately. 

3. 3. 3.1  The  RIG  for  the  Relatively  Benign  Platform  Environment 

In  the  platform  envlronaent  w*  may  neglect  In  Eq.  (3.3.1)  all  errors  due  to  angular  rates  and  vibrations. 
Ulth  zero  elastic  restraint  (K‘  •  0)  we  obtain  tha  following  performance  equation  of  the  RIG,  where  D  In¬ 


cludes  only  the  error  terms  listed  In  Table  3.2.1a: 

h  (r  p  ♦  ‘)  ^  ■  “i  -  ‘  “i  -  <3-3-n> 

Defining  as  RIG  transfer  function  in  the  benign  platform  environment: 

*<»>  ■  sty?,— i)  •  <3-312> 

the  RIG  performance  equation  reads  In  the  Laplace  domain  (marked  with  “): 

G0  «  G(»}  -  «*  -  6).  (3.3.13) 

The  untorqued  gyro  { u 4  -  0)  With  zero  drift  (D  •  0)  and  zero  time  lag  (Jq/C  •  0)  indicates  the  angular 
tatlon  of  the  case  with  respect  to  Inertial  space: 

VrT  (3.3.14) 


Thus  the  RIG  can  te  compared  with  a  bevel  gear,  the  Input  shaft  of  which  Is  fixed  to  Inertial  space.  Tha 
gyro  gain  H/C  corresponds  to  the  gear  ratio  of  the  bevel  gear. 

Fig.  3.3.4  shows  the  cross  section  of  a  rat*  Integrating  gyro  for  use  on  platforms.  The  rotor  Is  enclosed 
by  the  hermetically  sealed  gimtet  (float),  which  Is  supported  by  a  flotation  liquid  (e.g.  fluorolute  F  55; 
at  71  oc,  the  usual  operating  temperature  of  floated  gyros,  the  specific  weight  y  »  1.815  g/a*3).  The  global 
supports  •  thin  pivot/jewel  bearings  or  magnetic  suspension  in  high  precision  instruments  -  are  thus  relieved 
of  the  weight  and  the  gyro  can  sustain  very  high  shock  accelerations.  Through  this  buoyancy  the  friction  In 
the  gimbals,  which  would  cause  gyro  drift.  Is  correspondingly  low.  To  further  reduce  the  friction  of  pivot/ 
Jewel  bearings,  the  Jewels  may  te  dithered  (Honeywell  GG  334).  They  are  mounted  In  a  piezoelectric  ceramic 
disc  polarized  In  the  axial  direction.  The  dither  excitation  frequency  Is  high  (e.g.  the  same  as  the  spin 
motor  frequency).  The  pivot  to  Jewel  friction  Is  thus  reduced  by  10  :  1- 

The  flotation  liquid  has  still  another  purpose.  In  the  narrow  gap  between  float  and  case  (approx.  0.1  me) 

It  ensures  heavy  damping  of  the  gyro,  so  that  the  gyro  gain  H/C  In  Eqs.  (3.3.11  and  12)  is  In  the  order  of 
magnitude  of  1.  The  current  supply  from  the  case  to  the  float  takes  place  via  very  thin  leads,  the  so-called 
•pig-tails".  The  latter  have  a  diameter  of  1/10  of  a  human  hair,  that  means  within  the  magnitude  of  pm.  In 
high  quality  gyros  the  energy  transfer  Is  done  Inductively,  as  shown  in  Fig.  3.3.4. 

The  state  of  buoyancy,  l.e.  the  friction  forces  In  the  pivot/jewel  bearings,  the  damping  constant  C  and  the 
torquer  scale  factor  are  affected  by  temperature  changes,  and  a  good  temperature  control  Is  In  general 
a  prerequisite  for  obtaining  accurate  results  from  the  RIG.  For  many  applications  this  might  te  a  hindering 
factor.  There  are  RIG's  mi  the  market  in  which  the  damping  coefficient  Is  constant  over  a  wide  temperature 
range.  Means  to  achieve  this  goal  are  [3.4] : 

-  the  use  of  silicon*  fluid  with  0.9  ys/ern3  density  and  a  virtually  constant  damping  over  a  temperature 

of  -45  °C  to  115  <>C. 

-  the  use  of  a  bellows-controlled  damping  mechanism. 

The  taMerature  sensitivity  of  the  torquer  scale  factor  Is  a  more  sever*  proolam  In  strapdown  gyros  and  Is 
discussed  fn  Sections  3. 2. 2.6  and  3. 3. 3. 2. 

The  design  of  the  rotor  bearing  requires  special  emphasis.  Any  shift  of  the  rotor  causes  a  change  In  mass 
unbalance,  l.e.  gyro  drift.  For  Inertial  quality  the  rotor  bearings  have  to  te  stable  within  0.4  im  as 
stated  by  the  Eqs.  (3.2.28  and  29).  They  also  have  to  be  designed  as  Isoelastic  as  possible.  Special  ball 
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FI#.  3,3.4  The  telco  ACttlG  teto  li»to#rot1ng  Gyro  for  U$#  li»  tte  Corousol  IV-FUtfom 


taring*  (s.  Section  3. 2. 2. 2)  and  hydrodynamic  ms  tarings  trs  utsd  for  this  purpose.  Pith  the  latter, 
the  running  lift  It  theoretically  Infinite.  Contact  betMin  rotor  end  tutor  occurs  only  during  start-ttop. 
Put  tpocltl  ns  tori  (Is  (stool  bonded  corbldo  or  high  density  ceramic  surf  (cos)  allow  sUrt-stopt  exceeding 
10*  without  reduction  In  performance. 

For  taping  the  tine  consUnt  Jq/C  low  snd  for  reducing  the  Might  of  the  fleet  (nett  unbalance)  many 
Mnufocturert  prefer  the  "Moving  col!"  torque  generators  where  the  heavy  permanent  nsgnet  It  c( so- fixed 
end  the  coll  Is  Mounted  on  the  float.  Ref.  [3.1],  Chepter  14  gives  More  details  on  gyroscopic  design. 

Ttble  3.2.1a  shews  us  that  the  SOF  gyro  htt  better  performance  with  the  output  (xls  In  the  vertical  (t. 
Rows  t  and  3)  and  on  a  platform  the  gyros  for  sUblllilng  the  horizontal  amt  are  Mounted  In  this  fashion, 
leaving  the  gyro  for  the  azlMuth  axis  with  highest  drift  raU  In  general. 

Me  will  com  back  to  the  use  of  the  RIG  for  the  tUblllzatlon  of  platfonu  In  Chapter  S.  Table  3.3.2 
sums  rises  sqm  deUlls  on  Rtf's  for  platform  and  strspdown  application, 

3.3.3. 2  The  R16  for  the  Strapdown  EnvIronMnt 

According  to  Eqs.  (3.3.2)  and  (3.3.3)  the  RIG  transfer  function  should  read  In  the  strapdown  environ* 
ment: 

G'(s)  »  — 7 - —  ±-  . —  j — 7-  ■  y  - •  (3.3.1Sa,b) 

JQs*  ♦  Cs  ♦  H  (1  ♦  J)  (j  ♦  (Js-0j)(u5*«*|)  JQt‘  ♦  Cs  ♦  Hktj 

In  practice  terms  due  to  the  vehicle's  dynamics  are  treated  as  error  terms  as  Indicated  In  Table  3.2.1b, 
Row  4  for  the  cross  coupling  term  and  the  rebalance  loop  design  Is  based  on  G(s)  In  Eq.  (3.3.12).  The  open 
loop  Input-output  relationship  reads  In  the  Laplace  domain  (narked  with  '): 

Oq  •  G'[a*  ♦  H(5,  -  6)].  (3.3.16) 

For  angular  rate  measurements  a  rebalance  loop  F(s)  Is  Implemented  from  the  gyro  plckoff  to  the  torquer 
as  Indicated  In  Fig.  3.3.5;  this  will  be  discussed  in  more  deUII  In  Chapter  4.  For  convenience  m  put  In 


Fig.  3.3.S  Hock  Diagram  for  the  Rate  Integrating  Gyro  Plus  Rebalance  Loop 


Fig.  3.3.6;  F  «  S*  F*  with  $*  •  actual  torquer  scale  factor  (s.  Section  3. 2. 2.6).  Me  now  Introduce  In  Eq. 
Eq.  (3.3.16): 


"g  •  -F(s)  Oq  .  -  F'(s)  eQ  ^  (3.3.17) 

and. the  clo*ed,1oop  plckoff  angle  e.,  the  torquer  current  1  and  the  measured  angular  rate  *  S*  R  1 
.  S*  u  (with  5  ■nominal  gyro  scalewfactor,  ' 


R  •  Measurement  resistor,  s.  Section  3. 2. 2.6)  become; 


H<5,  -  6) 

1/S'  f  f 


(3.3.18a) 


.  -FR(3,  -  6) 

1  •  -r - 

S^l/G'eF) 


(3.3.18b) 


(1  +  «)  F 


(5,  -  8) 


(5t  •  B) 

(‘ +  K)  (rvv(ry))  • 


(3.3.18c) 
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with  k  •  jyro  teal*  factor  error  (*.  Section  3. 2. 2. 6).  This  shows  us  that  the  effective  gyrj  suit  factor 
depends  on  tho  product  6' (a)  F(s)  defining  the  bandwidth  of  the  ten  tor  which  can  be  up  to  100  Hi.  Only  for 
G'(s)  F{s)  *  -do  we  obtain  the  deaired  output: 

«/■(!♦  r)  (w,  .  0).  (3.3.19a) 

For  low  Input  froquanciaa  (e-0)  with  no  angular  rata  about  the  spin  exit  of  the  gyro  {**  •  0)  6* (0)  Is 
large  (a.  Eq.  (3.3.l&b),  and  the  above  mentioned  requirement  6'(0)  F(0)  -  ■  Is  met  and  thus  the  angular  rata 
measurement  becomes  Independent  of  the  rebalance  loop's  gain  F(o)  •  k. 

For  wt  f  0  the  gyro  acale  factor  changea  according  to: 

«*•(!♦  «)  (ra^7KH“l  •  0)  (3.3.19b) 

aa  Indicated  already  In  Eq.  (3.3.3).  A  high  rebalance  loop  gain  K  keeps  thla  effect  lonaa  Mentioned  In 
Table  3.2.1b.  How  4.  The  RIG  rebalance  loop  Include a  an  Integrating  network.  In  general  whoae  gain  growa 
with  decreaalng  Input  frequency. 

The  block  diagram  for  angular  measurements  about  two  axes  by  means  of  two  rate  Integrating  gyroa  with 
rebalance  loops  is  shown  In  Fig,  3.3.6.  The  two-axes  measurement  ia  shown  here  for  better  comparison  with 
the  application  df  a  two-degree-of-freedom  (T0F)  gyro  for  this  purpose,  where  only  one  sensor  la  needed 
(a.  Fig.  3.4.4).  This  will  be  discussed  later. 


SI 


Fig,  3. 3.6  Angular  Rate  Measurement  About  Two  Axes  by  Means  of  Two  Rate  Integrating  Gyros 


As  Mentioned  In  Section  3. 2. 2. 4  the  global  bearings  of  RIG's  in  strapdown  systems  are  always  subject  to 
forces  and  they  have  to  be  designed  correspondingly.  Tor  a  high  dynamic  environment  the  global  suspension 


?I  i!  "1U»  dlth,r^  bearings  (Honeywell  GG  8200  A),  with  ball  bearings  (Hamilton 

Standard  Rl  1010,  Ste Inhell  Lear  Slagler  1903)  or  with  taut  wire  suspension  (Northrop  K76-58).  One  of  the 
most  critical  parts  of  all  strapdown  gyros  Is  the  torquer.  The  Importance  of  the  torquer  scale  factor  has 
already  been  shown  In  Section  3.2. 2.i  and  In  Tables  3.2.1a  and  3X2a.  Its  linearity  has  to  be  within 
10  ppm  If  the  RIG  Is  to  be  used  In  a  strapdown  INS  (s.  Table  3.2.1a,  Now  5).  Ref.  [3.4]  gives  Interesting 
details  on  torquer  design  for  this  application  and  mentions  that  Its  temperature  sensitivity  Is  420  ppo/°( 
As  a  consequence  of  this  problem  RIG's  for  strapdown  use  mist  have  an  excellent  thermocontrol  or  means  to 
compensate  this  effect,  mierehy  It  has  to  be  taken  Into  account  that  the  torquer  current  Is  proportional  i 


is.  i soia  j.z.ia,  mow  5).  mer.  13-41  gives  interesting 
mentions  that  Its  temperature  sensitivity  Is  420  ppn/^K. 
m  use  mist  have  an  excellent  thermocontrol  or  means  to 
Into  account  that  the  torquer  current  Is  proportional  to 


compensate  this  effect,  tdtereby  It  has  to  be  taken  Into  account  that  the  torquer  current  Is  proportional  to 
the  Input  rate,  l.e.  the  corresponding  energy  fed  Into  the  sensor  changes  correspondingly.  This  can  be  im- 
proved  with  digital  caging  loops,  s.  Chapter  4.  It  has  already  been  mentioned  that  electronically  rebalanced 
rote  integrating  gyros  or  double  rote  Integrating  gyros  (s.  Section  3.4)  ere  more  accurate  for  measuring 
‘"ft!*,  *£•  to"***tional  rate  gyro.  For  angular  rate  measurement  the  rate  gyro's  accuracy  may  be 

sufficient,  but  If  the  angular  rote  measurements  are  used  for  the  attitude  computation  as  In  strapdown 
******  (*•  Section  7,4.4)  the  electrically  rebalanced  gyro  has  to  be  used. 

.  InToble  3.3.2  the  yin  characteristics  of  some  RIG's  are  listed  which  may  be  regarded  as  representative 
fon  products  in  this  field.  Fig.  3.3.7  shows  the  cut-away  view  of  a  typical  strapdown  gyro. 


”i  . - », * 

>  * 


3.3.4 


Fig.  3.3.7  The  Stelnhell  Le»r  Slegler  Rate  Integrating  Strapdown  Gyro  1903-HJ 


The  Double  Integrating  Gyro  (DIG) 

If  the  flotation  fluid  In  the  rate  Integrating  gyro  (s.  Fig.  3.3.4)  Is  replaced  by  flowing 
tain  the  double  Integrating  gyro,  shown  schanatlcally  In  Fig.  3.3.8.  In  the  discussion  of  the 
tics  of  this  sensor  we  will  follow  [3.9]  Chapter  13. 


'  FIXTURE 


Fig.  3.3.8  Double  Integrating  Rate  Gyro  Schematically  end  Calibration  Principle 

The  transfer  function  of  the  DIG  In  the  Platform  environment  (negligible  angular  rates  ant 
can  be  easily  derived  from  Eq.  (3.3.2)  by  putting  C  •  K  •  0: 

6(s)  ■  . 

J0* 

With  this  relationship  all  the  formulae  (3.3.13  to  19)  derived  for  the  rate  Integrating  g 
platform  environment  ($.  Section  3. 3. 3.1)  and  In  the  strapdown  environment  (s.  Section  3.3.3 
valid  for  the  DIG. 


air,  we  ob- 
characterls- 


vlbratlons) 

(3.3.20) 

'ro  In  the 
2)  are  also 
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I 

1-  As  to  the  drift  torn,  Tables  3.2.1a.and  bar* also  applicable  to  the  DIG  with  tha  axcaptlon  of  the  error 

%  terms  due  to  fluid  effects  (e.g.  D<,  ug).  New  error  terms  arise  from  the  flowing  air,  which  causes  turbine 

'i  torques  depending  on  the  applied  acceleration  (s.  [3.9]  Chapter  13),  l.e.,  they  are  similar  to  eass  unba- 

v  lance  drift.  A  typical  drift  due  to  turbine  torques  can  be  0.8  °/h/g. 

The  DIG  1$  at  present  applied  only  to  the  stabilization  of  Inertial  platforms,  but  has  not  found  the 
f:  broad  utilisation  as  the  RIG,  though  It  offers  the  following  advantages: 

-  the  hydrostatic  gas  bearing  of  the  precession  axis  or  output  axis  provides  a  complete  lack  of  solid 
friction; 

-  no  problems  arise  for  designing  the  gyro  float  for  the  state  of  buoyancy  and  controlling  It  to  this 

£■  state,  l.e.  as  compared  to  the  floated  gyro,  discussed  In  the  previous  sections  and  consequently: 

*'  a  heavier  materials  can  be  used  for  the  gyro  rotor  of  the  DIG  thus  Mklng  It  possible  to  obtain  a 

greater  angular  momentum  for  the  same  diameter; 

a  there  Is  no  requirement  to  operate  the  gyro  at  a  fixed  temperature  (thanks  to  this  advantage,  an  op¬ 
timum  temperature  can  be  chosen  which  Is  most  suitable  with  respect  to  the  total  system  and  the  en- 
■i  vlronmental  conditions)  and  the  temperature  control  need  not  be  as  precise  as  with  the  floated 

»  gyro;  *nd 

sail  measuring  and  adjustment  elements  are  freely  accessible:  the  gas  bearing  gyros  require  only  a 
cover  for  protection  aqalnst  dust  and  external  electric  and  magnetic  fields  and  not  the  hermetic 
sealing  of  gyros  with  fluid  flotation. 

On  the  other  hand  there  are  the  following  drawbacks  of  the  hydrostatic  bearing: 

-  It  Is  necessary  to  have  available  coaipressad  gas  which  has  to  be  fed  to  the  sensors  through  the 
bearings  of  the  platform  gimbals,  unless  each  sensor  has  Its  own  pressurized  gas  supply;  and 

-  the  associated  servo  loop  Is  somewhat  more  complex  on  account  of  the  absence  of  a  mechanical  damping 
feature. 

One  would  expect  that  the  float  support  by  means  of  the  hydrostatic  gas  bearing  of  the  DIG  Is  fairly 
soft  and  the  following  effects  discussed  In  Chapter  3.3  become  significant: 

-  the  Increase  In  the  effective  moment  of  Inertia  about  the  output  axis  due  to  global  support  compli¬ 
ance  (s.  Eq.  (3.3.5))  and  , 

•  the  occurence  of  a  float  oscillation  within  the  case  at  a  fairly  low  natural  frequency  o>  (s.  Eq. 
(3.3.6)). 

» 

I  Values  obtained  from  tha  above  mentioned  formulas  for  the  gas-bearing  gyro  GWk  28  are  listed  In  Table 

!  3.3.3.  This  gyro  Is- a  smaller  version  of  the  GWK  38  discussed  In  [3.9],  Chapter  13.  The  figures  laid  down 

for  It  were  taken  from  a  unpublished  report  of  the  Teldlx  Company,  Heidelberg.  Though  the  effective  moment 
of  Inertia  J0  Is  doubled,  the  natural  frequency  un>  of  the  float  oscillation  within  the  case  Is  above  the 
range  to  cause  problems. 


H  |gm  cm2/s] 

2.94  •  105 

J0  [gm  cm2] 

98.1 

Jr  [9-  cm2] 

141.3 

Kj  [dyne  cm/rad] 

8.83  •  108 

•VJo 

2. 

wn1  [Hz] 

562.4 

Table  3.3.3  Effect  of  Gas  Bearing  Compliance  of  Float  Support  In 
the  Teldlx  GWK  28  Double  Integrating  Gyro  on  the 
Effective  Moment  of  Inertia  and  Resonance  Frequency 
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3.4  The  Use  of  Tuo-Deqrae-of-Froo jag  Gyros  as  Angular  tote  Sensors  and  Stab-ill  ration  Devices 
3.4.1  Oynamlcs  of  the  Glmballed  TOP  gyro 

The  glmballed  TOF  gyro  shown  In  Fig.  3.1.1b  Is  used 

-  as  an  unfloated  gyro  with  heavy  g labels  supported  by  ball  bearings  In  vertical  and  directional  refe¬ 
rence  Instruments  (VS,  DG)  and 

-  as  a  floated  gyro  with  light  glabals  supported  by  pivot/jewel  bearings  In  platfone  systems. 

In  both  cases  the  rotor  aoves  very  little  with  respect  to  Inertial  space  and  for  the  derivation  of  Its 
dynamics  we  may  discard  all  terms  In  Eq.  (3.2.22)  due  to  vibratory  Inputs. 

In  general  the  TDF  gyros  are  used  without  elastic  restraint.  Damping  Is  caused  by  the  flotation  fluid  or 
friction  In  the  bearings  and  we  assume  as  restraint  torque  In  Eq.  (3.2.22): 

Hr  -  -r,  (3.4.1) 

A> 

resulting  In  the  following  performance  equation  of  the  glmballed  TDF  gyro: 


(JjP  +  C)  H 


-H  (J0P  +  CV 


-JjP 


H 


-ty 


JaH  i  ("*  ♦  J>) 


where  the  skew-syawetrlc  "unity-matrix11  Is  defined  In  Eqs.  (3.2. 10a, b). 


(3.4.2) 


The  vector  D  contains  all  the  drift  terms  listed  In  Tables  3.2.2a  and  b  except  those  due  to  scale  fac¬ 
tor  error  *  (Table  3.2.2a,  Row  8}  and  angular  acceleration  (Table' 3.2.2b,  Row  2). 

For  D  «  u*  «  0  and  C  »  0  we  can  obtain  one  solution  of  Eq.  (3.4.2)  by  Inspection: 

9i,0(t)  "  f  “l,0<T>dT  <3-4-3> 

which  shows  the  characteristics  of  the  "free  gyro":  as  the  rotor  stays  fixed  with  respect  to  Inertial 
space,  the  plckoff  angle  will  be  equal  to  the  Initial  plckoff  angle  minus  the  time  Integral  of  the  angular 
rate  of  the  case  with  respect  to  inertial  space.  This  can  be  seen  from  the  straight  upper  and  lower  bran¬ 
ches  of  the  block  diagram  In  Fig,  3,4.1.  As  compared  to  the  rate  Integrating  gyro  discussed  In  Section 
3.3.3,  which  also  Indicated  the  angle  of  the  case  with  respect  to  Inertial  space  (s.  Eqs.  3.3.13  and  14)), 
the  TDF  gyro  does  It  with  a  gain  identical  to  unity  and  no  time  lag.  In  principle  this  output  1-  Indepen¬ 
dent  of  wheel  speed  and  stability  of  viscosity. 


Fig.  3.4.1  Block  Diagram  of  the  Two-Otgree-of-Freedom  Gyro 


He  define  as  TOF  transfer  function: 


S(s) 


(JjS  +  C)S 


Hs 

(d0*  +  C)S 


-1 


-Hs 


(3.4.4) 


45 


and  as  undanped  TDF  transfer  function: 


G"(s) 


JIS 

•Hs 


Hs 

V 


“G(*)|co 


So  we  obtain  as  TOF  perfomance  equation  in  the  Laplace  Ooauin  (narked  with  *): 

1  *  St-T  (i*)'1  S*  ♦  H  l  (w*  +  0)]  -  -±  +  Hg  l  (i*  ♦  fi). 


(3.4.5) 


(3.4.5e,b) 


where  ♦  is  the  angular  dlsplaceewnt  of  the  sensor  with  respect  to  inertial  space.  For  slowly  varying  con* 
•and  rates  and  drift  rates  D,Eq.  (3.4.6)  reduces  to 


4  *  ♦  D.  (3.4.6c) 

In  the  Eq.  (3.4.6b)  we  have  put *  I,  !•••  we  have  asstaaad  that  the  gyro  float  will  not  be  af¬ 
fected  by  the  notion  of  the  case.  This  is  realistic,  since  the  damping  In  floated  TOF  gyros  is  low,  e.g. 

C  «  10-3  for  the  Litton  6-200  [3.13]  . 


Any  stepwise  connand  rate  will  stlnulate  the  Interior  dynanlcs  of  the  TOF  gyro.  Its  characteristic  equa¬ 
tion: 

*Z  (<V  +  ^  *  ♦  11  *  0  (3.4.7) 

u  u 

allows  us  to  obtain  the  eigenvalues  $i  to  sq  of  the  TOF  gyro.  The  first  two  eigenvalues  si, 2  of  the 
bracketed  tem  describe  the  nutation  with  the  natural  frequency  J'  and  the  dating  ratio  c 


(J 


I  u0' 


H77 


(*I  <»o> 


T7? 


C(d,  ♦  0Q) 

^PT 


the  other  two  eigenvalues  describe  the  precession,  which  are  explained  in  Fig.  3.2.2. 


(3.4.8a,b) 


s 


3.4 


0. 


(3.4.9) 


The  nutation  frequency  un  is  in  the  order  of  nagnitude  of  the  spin  frequency  n.  It  is  exactly  equal  to 
it  if  I  «  Jj  «  J0,  i.e.  for  a  spherical  rotor. 


If  all  Inputs  are  zero  except  for  a  step  function  in  the  torque  about  the  0-axls,  I.e.  a  negative  com¬ 
mand  rate  u]  about  the  input  axis,  we  obtain  for  the  undaeped  TDF  gyro  (C  ■  0) : 

Sj(t)  -  (t  -  i-  sin  «"  t) 

e0(t)  •  ^  (1  -  cos  «n  t)  «  (uj/wn)(l  -  cos  w"  t),  (3.4.10) 

i.e.  a  high  frequency  coning  eotion  of  the  spin  axis  Is  superimposed  on  the  contiiuous  precession  as  shown 
in  Fig.  3.4.2. 


Fig.  3.4.2  Response  of  a  Glahalled  Two-Dagree-of-Freedoi  Gyro  to  a  Step  Function 
In  I -Axis  Torque  of  0-Axis  Coaaand  Rate 

Assuxlng  that  the  ratio  H/C  would  be  In  the  same  order  of  Magnitude  for  a  floated  TDF  gyro  as  It  Is  for  a 
floated  SQF  gyro  (H/C  •  1),  wa  see  free  Eq.  (3.4.8)  for  Oj  ■  On  that  c  *  C/H  »  1,  I.e.  the  nutation  fre¬ 
quency  would  be  heavily  daaped.  For  the  unfloated  Instruments, the  engineer  should  always  bear  In  Mind  that 
the  instruaent  May  nutate  (s.  [3.1],  Chapter  5.2). 


4 

it 


s 
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Fig.  3.4.3  thorn  the  floated  global ltd  TDF  gyro  Lltef  K  250  6  which  Is  usod  for  tht  platform  stablllza- 
tlon  in  the  Lltef  PL -41  marine  navigation  system.  It  Is  equipped  with  hydrodynaolc  gas  boarlngs  for  tha  ro¬ 
tor.  Tht  ball  baarlng  varslon  (K  250  K)  Is  usad  In  tha  secondary  attitude  and  haadlng  rafaranca  system 
(SAHRS)  of  tha  Tornado  fighter  aircraft. 


Fig.  3.4.3  Floated  and  Glmballed  Lltaf  K  250  6  Two-Degree-of-Freedom  Gyro  for  Platform  Stabilization 

It  seams  1  Italy  that  In  naw  designs  tha  floated  TDF  platfora  gyros  will  ba  raplacad  wort  and  wore  by  the 
"dry  gyros".  The  fomar  ones  suffer  froa  all  disadvantages  already  wtntlonad  In  connection  with  tha  rata 
Integrating  gyres  concerning  fluid,  pig  tails,  giabal  and  rotor  boarlngs.  Tha  "dry  gyros*  and  the  "free 
rotor  gyrosMiave  considerable  advantages  In  this  respect  as  will  ba  shown  In  the  next  sections. 

We  will  come  back  to  tha  use  of  glnballed  TDF  gyros  as  vertical  and  directional  references  and  stabilizing 
devices  on  platforws  In  Chapters  5  and  6. 


3.4.2  The  Dynawlcs  of  tha  Fret-Rotor  gyro  (FRG)  In  tha  Benign  Platforw  Environment 

From  the  design  viewpoint  there  are  considerable  advantages  In  the  unglaballed  TDF  gyro,  such  as  the 
free  rotor  gyro  (FRG)  In  Fig.  3.1.2a,  as  compared  to  the  glmballed  TDF  gyro  In  Fig.  3.1.1b: 

•  the  wotor,  the  plckoff  colls  and  torquer  colls  are  aounted  case-fixed,  and 


-  no  ‘pig  tails",  no  global  bearings  and  no  flotation  fluid  are  required  resulting  In  lower  tewperature 
sensitivity  and  the  fact  that  the  drift  adjustment  can  be  carried  out  during  the  test. 


But  the  free-rotor  gyro  (FRG)  shown  In  Fig.  3.1.2  exhibits  the  additional  error  sources  due  to  aerodyna- 
alc  effects  as  discussed  In  Section  3. 2. 2. 5. 


The  performance  equation  of  the  free  rotor  gyro  In  the  platforw  environment  Eq.  (3.4.2)  has  to  be  com¬ 
pleted  by  the  additional  drift  terms: 


9I  +  “I  ' 

e0  +  a0, 


(3.4.11) 


These  terms  are  also  Mntloned  In  the  error  model  of  Table  3.2.2a. 


The  FRG  transfer  function  Is: 

g(s)  -  <Jl*2  +  CS  +  “W*  H(S  *  d00) 

-H(s  +  djj)  (J0s2  +  Cs  +  HdI0) 

where  we  way  assume: 

Jj  *  J0  •  J.  (3.4.13) 

Therefore  we  obtain  as  FRG  performance  equation  In  the  Laplace  domain: 

I  "  8  t-  |<6*rl  w1  +  H  1  (5*  ♦  5)1  »  -♦  +  H  §  I  (D*  +  5}  (3.4. 14a, b) 

where  G"($)  Is  the  same  as  In  Eq.  (3.4.5). 

Eq.  (3.4.14b)  Is  only  valid  for  high  Input  frequencies  when  wt  may  neglect  the  damping  and  the  additio¬ 
nal  drift  terms  in  the  FRG  transfer  function  (s.  Eq.  (3,4.12  and  3.4.5)). 


(3.4.12) 


In  order  to  damonstrete  the  response  of  the  FRG  to  an  initial  plckoff  angle  of  9,(0),  we  assume  In  Eq. 
(3.4.14a)  C«  H.  Jd*,  «  H  (with  1  -  1,0  and  J  -  1,0)  and  H(J*  ♦  Jq)  »  J.  J-  (dtn‘e  d-.).  The  resulting 
characteristic  equation  suy  be  approximated  by:  10  10  ” 
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4  »  *2  +  “Z  1C(JI  +  -»0>  *  "*1  J0  ^11  *  d00^  1  +  11  I*2  *  (du  *  ^oo)  *  +  (tf00  **11  +  dI0  ^)l)J  * 

(3.4. IS) 

where  the  first  bracket  on  the  right  hand  side  describes  the  eigenvalues  of  the  nutation  whose  dawping  has 
decreased  due  to  the  direct  coupling  drift  and  the  second  bracket  describes  the  precession  due  to  the  di¬ 
rect  and  cross  coupling  drift  rate.  Increasing  dawping  In  precession  causes  decreasing  dawping  In  nutation 
[3.13,  3. 14]  I 

Concentrating  only  on  the  slow  notion  we  assuwe  zero  Inertia,  l.e.  zero  nutation,  and  find  with  d..  • 
dOO  "*  dI0  ‘  d0I: 


8j(t)  *  6j(0)  e  cos  dJ0  t  e0(t)  -  -ej(0)  e  11  sin  dJ0  t 

®j(0)  *  -0j (0)  e0(0)  *  -o,(0)  djQ, 

l.e.  the  FRG  rotor  carries  out  a  coning  wotlon  which  spirally  converges  to  Its  equilibrium.  According  to 
[3.5]  the  tlwe  constant  and  period  of  this  notion  for  the  Autonetlcs  G  10  B  FR6  are: 

Tj,  *  1/djj  »  Tqq  »  50  S  Tjq  ■  l/dj0  •  Tqj  ■  5  S. 


(3.4.16a,b,c,d) 


l/dIO  '  T0I  *  5  *• 


(3. 4. 17a, b) 


This  shows  us  that  the  direct  axis  torque  or  cross  coupling  drift  can  be  serious  In  an  FRG  designed  In 
a  fashion  slellar  to  Fig.  3.2.11.  As  cowpared  to  the  glnballed  and  floated  TDF  gyro  the  FRG  exhibits  the 
additional  drift  teres  wentlonad  In  Table  3.2.2.  The  other  drift  terns  are  alike  though  the  physics  which 
produces  thaw  way  be  quite  different. 

3.4.3  The  Oynawlcs  of  the  Free  Rotor  Gyro  (FRG)  In  the  Strapdown  Environment 


Though  for  the  tlwe  being  no  FRG  Is  used  to  the  authors'  knowledge  as  a  strapdown  gyro  In  a  rough  envi¬ 
ronment,  we  will  briefly  discuss  the  steps  which  have  to  be  undertaken  to  do  so.  The  reason  for  this  dis¬ 
cussion  Is  not  purely  academic,  because  the  dynamically  tuned  gyro  (DTG),  which  Ideally  operates  like  a 
FRG.  Is  used  at  present  In  quits  a  number  of  strapdown  systems.  Me  will  regard  the  FRG  as  a  reference  for 
the  DTG,  which  Is  discussed  In  Section  3.4.4. 

For  the  derivation  of  the  FRG  performance  In  a  strapdown  environment  we  will  follow  the  logic  of  Sec¬ 
tion  3. 3. 3. 2.  In  an  FRG  we  often  find  Ji  •  Jn  *  J  «  1/2.  which  we  assuwe  In  the  following.  Based  on  Eqs. 
(3.2.22)  and  (3.4.11)  the  FRG  transfer  function  should  read: 


(3.2.22)  and  (3.4.11)  the  FRG  transfer  functlo 
G'fsl  -  f J  *2  +  H  (“s  +  d°r)  +  J  (“s  *  “oJ 


J  S  +  H  (us  +  dgj)  +  J  (ws  -  uq)  (H  +  Iy)  S  ♦  Wqq  +  J(«s  -  Uj  «0)  +  Iy 

8  (*)  "  7  7  7 

*(H  +  If)  s  -  Hdjj  -  J  («s  -  »0)  -  Iy  0  s  +  H  («$  +  dJ0)  +  J  («s  -  »j) 


■1-1 

r 

(3.4.18) 


In  practice  the  rebalance  loop  design  Is  based  on  the  undamped  TDF  transfer  function  G‘(s)  of  Eq.  (3.4.5) 
In  general, and  the  additional  terms  In  Eq.  (3.4.18)  are  added  to  the  gyro  drift  as  shown  In  Tables  3.2.2b. 

Me  thus  may  assume  the  following  open-loop  Input-output  relationship  for  the  FRG  In  the  Laplace  domain 
(marked  with  '),  which  Is  similar  to  Eq.  (3.4.14b): 


e  •  -a  +  g*^  +  H  J  D).  (3.4.19) 

For  the  angular  rate  measurement,  rebalance,  loops  are  Implemented  from  the  2  plckoffs  of  the  gyro  to  the 
2  torquers  as  Indicated  In  Flo.  3.4.4a  .  where  we  have  Introduced  for  convenience  f  •  : 

M*  «  »£(s)  5  -  ’SVf*)  !•  (3.4.20a) 

with  F  and  f  as  matrices  for  the  loop  electronics  and  j1  as  matrix  for  the  actual  torquer  scale  factor: 


(3.4.20b,c,d) 


FII 

FI0 

’F0I 

Foo 

So  we  find  as  vector  for  the  closed-loop  plckoff  angle: 

i*  -d  ♦  s'  Ef1  ii-«r  1 1). 


(3.4.21) 


Both  components  of  this  vector  became  decoupled  from  each  other  If  we  meet  the  following  condi¬ 
tion  In  the  rebalance  loop  (3.4.20b)  [3.15]. 


FII  *  F00  *  TT  FI0  ’  Hi  F0 


(3.4.22a) 


E<*)  C§“(*)] *l  (3.4.22b) 

where  wn  ■  H/J  *  nutation  frequency  as  mmitloned  In  Eq.  (3.4.8a).  The  decoupled  closed  loop  FR6  transfer 
functions  for  the  plckoff  angle  vector  e,  the  torquer  current  vector  1  and  the  measured  angular  rata  vector 
w*  become:  ~ 


fffir.:* ***&■+* r-**' ;■ 
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l*-ra7W(i-«fi’H) 

I  *  «Vl  t?  <fi">‘l  “  • « 1 3 


(3.4.23e,b,c) 


a"  ■  5*5  *  i*  8  I  *  £W$J  (I  ♦  5)  i  &  (S')’1  a  -  i  6)  (3.4.23e,b,c) 

where  «  *  *;  following  tha.eourse  of  Section  3.2.2.6t*e  have  Introduced  as  resistor  Matrix  J,  as  nonlnel 
gyro  scale  factor  SMtrlx  J  and  Its  error  Matrix  *  (j  s.  Eq. (3.4.20c)): 


“'(o  *J  *  *  >^>r  0  J*  6  l  0  4SJ/S,  -  «,/2i  -  W/m]* 

(3.4.24a,b.c) 

Figs.  (3. 4.4b, c)  show  In  conparlson  to  the  coupled  FRG  In  Flo.  3.4.4a  the  block  dlagriMs  for  the  plckoff 
gle  conponents  and  the  output  signal  cowponants  of  the  decoupled  FRG,  the  fonaer  being  truly  decoupled  In 


-tsj/ovr]  («fo  -  4V«o  • 


ang I e components  and  the  output  signal  cowponants  of  the  decoupled  FRG,  the  fOmer  being  truly  decoupled  In 
both  axes,  whilst  the  latter  are  coupled  via  the  angular  acceleration  sensitivity  of  the  sensor.  In  their 
structure  they  correspond  exactly  to  Fig.  3.3.6  shewing  the  use  of  two  rate-integrating  gyros  (RIB)  for  the 
angular  rate  neasureMent  about  two  axes.  But  they  reveal  an  additional  advantage  for  the  use  of  a  FUG  for 
this  purpose:  In  the  decoupled  node  the  FR6  dynamics  are  reduced  to  (s.  Eq.  (3.4.5)): 

fi(s)  «  -  I  (3.4.25) 

l.e.  the  FRG  acts  as  an  Ideal  Integrator,  whilst  the  two  RIG's  In  Fig.  3.3.6  act  as  Integrators  with  tine 
lag.  But  this  advantage  takes  affect  only  at  very  high  frequencies. 

The  reason  for  the  decoupled  FRG  axes  lies  In  the  fact  that  tha  nutation  Is  not  excited  by  the  input 
angular  rate,  due  to  proper  coupon  sat ion  In  the  rebalance  loop.  In  order  that  this  coupensatlon  Is  ’proper*, 
the  FRG  paraweters  (nutation  frequency)  have  to  be  exactly  Matched  in  the  electronics,  which  Is  difficult 
to  do.  If  the  decoupling  condition  (3.4.22a)  Is  not  luplaMented  exactly: 


to  do.  If  the  decoupling  condition  (3.4.22a)  Is  not  InplaManted  exactly: 

FII  ’  F00  *  FI0  *  F0I* 

the  danplng  of  the  nutation  Is  directly  affected.  The  requlronent  for  stable  nutation  Is: 


(3.4.26) 


e  >  0.  (3.4.27) 

Let  us  once  wore  cast  a  glance  at  the  output  signals  In  Eqs.  (3.4.23a,b,c)  of  the  FRG  with  decoupling 
In  the  rebalance  loops.  For  constant  Input  rates  (s  0)  the  output  signals  are: 

e.-Jtu-O) 

i «  h^v1  i  (» -  d) 


/  «  (J  +  g)  («  -  0),  (3.4.28a,b,c) 

showing  that  only  the  plckoff  angles  but  not  the  output  signals, depend  on  the  gain  K  of  the  loop.  By  putting 
Integrators  Into  the  loop,  the  pickorf  angles  are  driven  to  zero  for  constant  Input  rates,  thus  lowering 
the  corresponding  drift  rates  discussed  In  kbit  3.2.2b,  Row  4. 

For  Input  frequencies  exceeding  the  bandwidth  of  the  sensor,  which  Is  In  the  order  of  Magnitude  of  50  to 
100  Hz  (-3  db),  tha  rebalance  loop  will  be  blocked  (F  *  0)  and  the  gyro  will  react  like  an  uncaged  sensor: 

e  «  -a 

1  «  0 

w*  •  0.  (3.4.29) 

let  us  close  the  discussion  on  the  use  of  an  FRG  as  angular  rate  sensor  with  an  additional  hint  at  the 
rebalance  loop  layout.  Since  the  plckoff  angles  are  Measured  directly  at  the  spinning  rotor  any  Manufactu¬ 
ring  intolerances  will  Modulate  the  plckoff  output  signal  with  the  spin  frequency  and  Its  baronies.  Notch- 
filters  are  recoaewnded  to  filter  out  the  noise  and  prevent  rectification  In  the  closed  rebalance  loop. 

The  Itens  discussed  In  this  and  the  forwer  sections  apply  in  principle  also  to  the  dynanlcally  tuned 
gyro  (OTG)  whose  peculiarities  will  be  described  In  the  next  section. 

3.4.4  The  dynanlcally  Tuned  Free  Rotor  Gyro  (DIG)  in  a  Platform  and  Streodown  Envl roman t 

In  platfom  Inertial  navigation  ays  tans  of  the  class  1  NR/h  perfonance  as  used  In  civil  and  Military 
aircraft  the  OTG  has  achieved  triiapbant  success.  Invented  by  Howe  aad  Savet  at  Beach  Arm  Conpany  tha 
Idea  was  put  Into  mss-productlon  fey  the  Singer  Kearfott  Conpany  (Gyroflax)  and  later  also  by  Ferranti 
(Osclllo  Gyro)  and  Litton  (Vlbrarotor,  Vtbragtnbal).  Because  of  the  excellent  oxoorlonce  the  engineers  had 
with  this  sensor  the  Teledyne  System  Conpany  was  the  first  to  use  It  for  strepdown  application  (SOS  5). 
Kearfott.  Litton.  SAGER,  INCOSYM  and  lltef  followed  this  lint  and  tha  first  flight  tost  results  of  strop- 
down  sy stans  using  OlG's  are  pronlslng. 


so 


The  principles  of  operation  of  various  DTS's  will  be  discussed  using  Fig.  3.4.5.  The  figure  Illustrates 
three  generations  of  dry  gyros.  In  the  early  versions  the  gyro  rotor  was  connected  to  the  motor  by  neons 
•f  e  slightly  flexible  shaft  or  Hooke's  joint  (Ferranti  gyroscopic  gunslght  (3.21).  The  torsional  spring 
torques  cause  the  cross  coupling  drift  rates  din  and  dgi  as  discussed  already  In  the  previous  section  and 
show)  In  Fig.  3.2.11 .  As  we  know  fron  Eqs.  (3.4.11  to  it)  this  cross  coupling  drift  rate  causes  the  spin¬ 
ning  rotor  to  process  In  a  cone,  once  It  Is  nlsal Igned  fron  Its  equilibrium  Naans  to  avoid  this  effect 
were  sought  In  implementing  negative  'torsional  spring* -torques  as  with  penaanant  negnats  or  proper  caging 
loops. 

The  Invention  of  Howe  and  Savet  brought  the  nchanlcal  solution;  the  Hooke's  joint  with  proper  east 
distribution.  I.e.  the  global  suspension  at  shown  In  the  center  of  Fig.  3.4.5.  The  forced  Motions  of  the 
global  when  the  rotor  it  Misaligned  with  respect  to  the  shaft,  at  oore  distinctly  Illustrated  In  Flo. 
3.4.6.  provide  a  negative  net  torque  proportional  to  n1  (J9  «  global  oooent  of  Inertia  and  n  •  rotor 
angular  rate)  which  can  be  made  to  cancel  the  torsional  spring  torque  proportional  to  the  spring  coeffi¬ 
cient  k  by  properly  choosing  and  n. 


Fig.  3.4.5  Three  Versions  of  Dry  gyroscopes 


Fig.  3.4.6  Notion  of  the  Global  In  a  Qynaolcally  Tuned  gyroscope 

Fig.  3.4.5  shows  also  a  DTG  with  two  globals  which  has  advantages  froo  viewpoint  of  perforoance  as ‘will 
be  shown  below. 

The  block  dlagrao  In  Fig.  3.4.7  (derived  froo  [3.251)  allows  us  to  discuss  the  performance  of  the  DTG 
with  ode  gtOsal  (superscripts  it  f  o.  1  «  0)  as  coopered  to  the  free-rotor  gyro  (FUG,  no  global ,  i.e.. 
superscripts  k  *  1  *  0.  and  no  torsion  spring  coefficients  ^  •  0)  whose  clock  dlagrao  Is  shown  In 

The  center  of  Figure  3.4.7  represents  the  dynamics  of  the  rotor  and  global  in  the  shaft-fixed  coordinate 
fraoe.  He  see  the  gyro  dynamics  In  the  forward  loops  and  the  coupling  or  both  axes  Including  the  nutation 
as  Indicated  In  Fig.  3.4.1  for  the  FM.  The  direct  and  cross  coupling  drift  terms,  discussed  In  Section 
3.2.2. 5.  have  been  Included  In  the  dlagrao  under  the  assumption  that  they  are  syoeetrlc  (djj  •  d^,, 

*01  '  dio)- 


i 
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Tha  transformation  of  tht  Input  signals  »t  o  or  Mi  q  fro*  the  case-fixed  coord  In*  to  fro**  Into  tht 
shaft-fixed  frost  caustt  a  Modulation  with  tht  apln  frequency  n.  tht  transformation  of  tht  shaft-fixed 
angltt  4*,y  Into  tht  cast-fixed  angles  (|  q  1*  achltvtd  by  demodulation  with  tht  iv*t  frequency. 


system*  Is  a  bit  misleading  mth  tht  FRG  si  net  tht  ont  shown  In  fig.  3.1.2  dots  not  havt  ont.  1*  cling 
this  dtflnltlon  by  rtason  of  convenience  and  astute  that  In  this  stnsor  tht  “shaft-fixed*  z-axls  Is  al¬ 
ways  paralltl  to  tht  sotor  axis  and  that  tht  othtr  axts  art  rotating  with  tht  spin  spttd  n. 

Tht  dyntMlcs  of  tht  FRG-rotor  art  govtmtd  In  tht  shaft-flxtd  coordlnatt  systaw  by  tht  tlgtnvaluts: 


*3.4  "  J"  <3  -  1). 


(3.4. 30a. b) 


whtrt  J  ■  /I  and  jJ  *  1  and  J.  *  jJ  ■  J  In  agrtMtant  with  Sections  3.4.2  and  3.4.3.  Tht  tlgtnvaluts  des- 
crlbt  tht  spin  frtqutncy  and  tht  nutation  frtqutncy  dlalnlshtd  by  tht  spin  frtqutncy  (S.  Eq.  (3.4.8)).  An 
Initial  MlsallgnMtnt  anglt  of  tht  rotor  8i(o)  Is  In  tht  shaft-flxtd  coordlnatt  systts  tqulvaltnt  to  tht 
Initial  conditions  $,(o)  *  ej(o)  and  4y(o)  •  n  $,(o)  and  causts  tht  Motion 


6j(o)  cos  n  t 


iy(t)  ■  8j(o)  cos  (n  t  ♦  v/2). 


(3. 4. 31a. b) 


This  oscillation  Is  soon  In  tht  cast-flxtd  frost  as  a  constant  anglt  e,(o)  as  wt  would  havt  txpacttd  for 
tht  Idtal  FUG.  1 

Cosing  back  to  tht  DTI*  this  stnsor  with  M  stts  of  glsbals  Is  'tuned*  If  tht  first  two  tlgtnvaluts  art  tht 
sum  as  for  tht  FUG,  l.t.  If  tht  Initial  misalignment  anglt  8i(o)  retains  constant  -  at  Itast  In  tht  stan. 
Tht  tuning  condition  Is  (s.  [3.10],  Eq.  (11).  [3.16]  and  [3.1?]): 


2  jL  ♦  jL  -  jL 


(3.4.32) 


whtrt  tht  x-axls  Is  along  tht  torsion  springs  connecting  global  and  shaft,  tht  y-axls  Is  along  tht  tor- 
springs  conntctlng  global  and  rotor  and  tht  z-txls  Is  along  tht  spin  axis  (s.  Fig.  3.4.6). 


recession,  l.t.  coning  wo¬ 
of  the  cross  coupling 
tht  frtqutncy  of  tht 


(3.4.33) 


dn  •  n  -  n_ 


■  tuning  spin  ratt 
•  actual  spin  ratt 


(3.4.34) 


and  tht  so  calltd  “figure  of  merit*  (s.  [3.10],  Eq.  (20)): 


.  H  „ 

<♦14 

Z  |  JOT 


(3.4.35) 


The  higher  the  figure  of  ntrlt  (the  order  of  Magnitude  of  800  Is  achievable,  s.  [3.18]),  the  nort  the 
OTG  approaches  the  Ideal  FRG.  The  drift  due  to  nlstunlng,  l.e.  the  gradient  of  the  coning  notion  at  t  ■  0, 
can  be  derived  fron  Eqs.  (3.4.16)  and  (3.4.33)  as: 


(3.4.36) 


Because  of  the  slsllarlty  of  the  effect  of  nlstunlng  (s.  [3.10],  Eqs.  25  to  28)  and  cross  coupling  drift 
rate  (s.  Eqs.  (3.4.16a,b)j  which  Is  Inherent  In  all  Fit's  ana  DTG’s.  tht  latter  can  be  compensated  by  pro¬ 
perly  changing  an  or  an.  (s.  also  Fig.  3.4.7,  where  Hd„  acts  In  the  sane  way  as  the  torsional  spring 
torques  K).  0  " 


In  this  respect  the  OTG  1$  superior  to  the  FUG.  Routine  adjustments  to  0.002  °/h/arc  sac  art  node  on  stand' 
ard  Instruments  and  0.0002  °/h/arc  sec  Is  achievable  [3.19].  Compared  to  the  FRG  discussed  In  the  previous 
sections  these  figures  art  lower  by  one  to  two  orders  of  Magnitude  (s.  Eq.  (3.4.17)). 

The  direct  coupling  drift  dut  to  daaplng  In  the  torsion  springs  and  the  othtr  error  sources  Inherent  in 
all  FRG's  (s.  Fig.  3.2.11)  cannot  be  overcoMt  In  such  an  elegant  way.  As  In  aiur  FRG  evacuating  tht  cast  Is 
a  Means  for  reduction  of  damping,  and  corresponding  drift  values  of  less  than  0.01  °/h/arc  sec  art  achiev¬ 
able.  To  prevent  out-gassing  of  the  bearing  lubricants,  the  sensor  is  filled  with  hydrogen  at  a  low  pres¬ 
sure. 


Fig.  3.4.8  Singln-Oinbtl  DTS  Pickoff  Frtquoncy  Plot  for  Dlffwrunt  Input  Sign*!* 
(•Id«r  aodol  of  •  Gyroflix;  MUiwits  filUrod  with  firtt  ordur  log.  T  .  0.7  ms) 
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-  T5lLt*S  brinchj.  In  Flj.  3.4.7  describing  the  rotor  dynamics  In  the  shaft-fixed  fr am*  ere  symmetric  for 
tho  FSG.  For  tht  OTG  with  ono  global  they  ere  asymetrlc,  tinea  tho  global  meant  of  Inartla  appears  In 
tha  lower  branch  only. 


In  order  to  llluatrata  ona  peculiarity  of  tha  aspnaatrtc  0TG  lot  ut  aatloata  Its  response  to  an  Initial 
oltaligment  0,(0),  tlollar  to  tha  FRG  discussed  above.  Me  as  sum  that  tht  esjamaetry  causes  an  amplitude 
difference  of  the  oscillations  In  both  axes  of  the  shaft-fixed  freoe  (s.  Eq.  (3.4.31)): 

«„(*)  •  Oj(o)  cot  n  t  «y(t)  *  6,(o)(l  ♦  a)  cot  (n  t  ♦  e/3)  (3.4.37) 

which  transform  Into  the  cate-fined  frame  at: 

Qg(t)  ■  •  Oj(o)  |  sin  2  n  t 


Sj(t)  -  8,(o)  [1  ♦  |  (1  -  cos  2  n  t)].  (3.4.38) 

l.e.  a  olnute  oscillation  at  twice  the  spin  frequency  It  superlopotad  on  tha  expected  solution  ei(t)  »  0j(o). 
This  It  confirmed  by  coopering  the  two  plckoff  angle  frequency  plots  for  a  single-global  DTG  with  analog 
rebalance  loops  shown  In  Flos.  3.4.8a  and  b.  In  Fig.  3.4.8a  tht  Masureotntt  were  carried  out  with  no  Input 
Into  the  tensor.  The  spin  frequency  and  Its  second  and  third  harmonics  are  clearly  visible.  If  the  rotor 
Is  slightly  tilted  by  a  plckoff  voltage  bias,  tha  amplitude  of  the  second  haroonlc  Is  raised  (s.  Fig.  3.4.8b). 

In  [3.17]  It  Is  shown  that  the  esynaetrlc  single  global  DTG  not  only  hat  the  eigenvalues  describing  the 
nutation  uh  and  precession  uP  but  also  eigenvalues  at  beat  frequencies,  l.e.  2n  ±  un  and  2n  ±  *P.  The  nu¬ 
tation  frequency  cannot  be  seen  in  Figs.  3.4.8a  to  c;  In  the  design  of  the  rebalance  loops  the  Eqs.  (3.4.28) 
and  (3.4.27)  have  been  observed. 

The  adding  of  a  second  global  (Litton  Vibraglobal)  or  even  of  a  third  one,  each  120°  apart  (Teledyne  SDG5), 
causes  sjMaatrlc  rotor-global  dynamics  and  In  theory  the  coop! eta  reduction  of  the  twlce-spln  frequency 
sensitivity. 

But  with  the  single-global  OTG  or  the'  aultlglobal  DTG  with  glabal  loperfactlons  the  oscillation  at  this 
frequency  rema1ns,end  excitations  In  the  case-fixed  coordinate  fraoa  of  twice  the  spin  frequency  cause  a 
rectified  drift  rate,  fxaoples  for  the  excitations  are: 

-  angular  vibrations  of  tha  case; 

-  oscillating  torques  on  the  rotor  due  to  an  input  froo  the  oscillating  plckoff  angles  Into  the  reba¬ 
lance  loops;  and 

-  oscillating  torques  on  the  rotor  due  to  linear  vibrations  from  the  ball  bearings  or  from  another  DTE 
running  at  the  seam  speed  when  the  gHbels  and  the  rotor  have  direct  or  quadrature  penduloslty  [3.58] . 

For  a  detailed  discussion  on  tha  origin  of  the  quadrature  penduloslty  In  the  case  of  a  cruel f one- type 
flexure  refer  to  [3.20] . 

Formulas  for  the  sensitivity  of  a  single  or  aultlglobal  DTG  to  twice  the  spin  frequency  excitation  are  de¬ 
rived  In  [3.10],  For  the  single  glabal  DTG  the  Eqs.  (43)  and  (51)  of  [3.10]  read: 

•  for  an  angular  case  vibration  of 

♦j  «  4j(o)  sin  2xnt  (3.4.39) 

tha  DTG  drift  Is: 

°I  *  ’♦l<°>  (3.4.40) 

whare  ■  torsional  spring  coefficient  of  the  Inner,  outer  spring; 

-  for  a  vibratory  torque  on  the  rotor  of 


Nj  »  Mj(o)  sin  2vnt 


the  DTG  drift  Is: 

°l  *  ■4,I(wl  3^-^  • 


(3.4.41) 

(3.4.42) 


These  equations  eonflra  again  the  benefit  of  a  high  figure  of  war It.  Froa  the  vlewootnt  of  performance 
this  sensitivity  at  twice  the  spin  frequency  Is  the  basic  difference  between  the  DTG  and  the  FRG. 


The  sensitivity  at  twice  the  spin  frequency  Is  nonlinear  since  the  gyro  will  react  to  an  oscillatory 
Input  of  a  certain  frequency  u  at  the  same  frequency  and  at  tha  frequanclas  2n  *  u  as  shown  In  Fig.  3.4.8c, 
where  the  sensor  was  excited  with  a  slnusodlel  plckoff  voltage  at  40  Hz  behind  The  measurement  output. 
Therefore  conventional  transfer  functions  do  not  describe  exactly  tha  DTG  dynamics  [3.16]  and  [3.17] 
and  tha  control  engineer  puts  harmonic  filters  (comb  filters)  Into  tha  servo  loop  for  tho  stabilization 
of  a  platform  with  a  UTG  or  into  tha  rebalance  loop  If  the  DT6  Is  used  for  angular  rata  measurements.  Thasa 
filters  allow  the  rejection  of  ell  spin  frequencies  end  their  harmonics  which  otherwise  would  circulate  In 
the  control  loop. 
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In  the  servo  loop  for  olatform  stabilization  comb  filters  prevent  plckoff  oscillations  at  spin  frequency 
(generated  by  bell  bearing  laperfectlons)  and  Its  harmonics  from  exciting  the  pletfora  with  a  corresponding 
angular  vibration,  they  cannot  prevent  the  mechanical  cross-talk  between  the  two  gyros  -  an  effect  which 
depends  on  the  mechanical  compliance  of  the  platfora-glabal  structure.  Since  this  compliance  changes  with 
the  angular  orientation  of  the  platform  with  respect  to  the  case,  the  DTG  shows  more  or  less  a  so-called 
turnaround  error,  l.e.  a  drift  changing  with  heading  of  an  aircraft.  A  means  of  reducing  this  effect  Is  to 
operate  of  the  two  DTG's  at  different  speeds. 

The  advantage  of  strapdown  systems  1$  that  the  compliance  of  the  Inertial  measuring  unit  does  not  change 
and  the  turnaround  error  does  not  exist.  As  long  as  the  vibration  Is  constant,  the  corresponding  drift  may 
be  compensated.  This  nay  be  one  reason  why  modern  DTG's  for  strapdown  use  are  again  designed  as  slngle-glm- 
bal  sensors,  s.  Table  3.4,2a.  Another  reason  Is  that  modem  flexible  joints  can  be  fabricated  with  small 
dimensions  resulting  in  a  high  figure  of  merit  (up  to  800,  s.  [3.18]).  Valuable  hints  on  their  design  can 
be  found  in  [3.18]  and  [3.21]  to  [3.23]. 

With  Its  three  gimbals  the  Telodyne  SDGS  gyro  Is  an  exception  among  the  strapdown  DTG's,  tot  one  may  re¬ 
gard  It  as  a  forerunner  of  DTG's  for  this  purpose. 

The  comb  filters  In  the  caging  loop  of  strapdown  DTG's  also  suppress  the  effect  of  plckoff-angle  oscilla¬ 
tion  at  multiples  of  the  spin  frequency  on  the  feedback  torque  which  are  generated  by  ball  bearing  Imper¬ 
fections,  rotor  Imperfections  and  oscillatory  vibrations  of  the  IMU.  Once  the  comb/notch  filters  are  Im¬ 
plemented  the  DTG  and  the  FRG  should  not  differ  from  the  control-loop-analysis  point  of  view  and  the  reader 
Is  referred  to  Sections  3.4.3  and  3.4.4  for  more  details  on  Its  behaviour  In  a  platform  and  strapdown  en¬ 
vironment. 

Due  to  the  complex  Interior  dynamics  of  the  DTG  Its  rebalance  loop  design  Is  more  complicated  than  the 
single-degree-of-freedom  (SDF)  gyro.  Also  the  Implementation  of  range  switching,  l.e.  the  automatic  switch¬ 
ing  of  the  DTG  rebalance  loop  gain  to  higher  values  at  high  Input  rates,  results  In  Improved  sensor  perfor¬ 
mance  (s.  Section  4.3),  but  raises  special  problems  (s.  [3.24]). 

Once  the  rebalance  loop  Is  optimized,  the  error  budget  of  the  SDF  gyro,  the  FRG,  and  the  DTG  do  not 
differ  too  much  In  principle  from  each  other  (s.  Tables  3.2.1a  to  3.2.2b). 

In  sunraary  the  DTG  compares  In  the  following  manner  with  respect  to  the  floated  SDF  gyro: 

Advantages  of  the  DTG: 

-  two  measurement  axes  with  one  sensor; 

-  fewer  parts; 

-  no  drift  due  to  shift  of  the  motor  bearings; 

-  no  "pig  tails"  because  the  motor,  torquer  colls  arwl  plckoff  colls  are  fixed  to  the  case; 

-  no  flotation  fluid,  and  correspondingly: 

lower  temperature  sensitivity; 
drift  adjustment  during  test; 

-  no  backlash  and  friction  In  the  glmbal  bearings. 

Disadvantages  of  the  DTG  when  used  for  strapdown  angular  rate  measurements: 

-  design  of  the  caging  loop  is  more  difficult; 

-  lower  angular  momentum  required  for  high  Input  rates. 

This  last  disadvantage  arises  because  In  the  OTG  the  dimensions  of  the  rotor  and  those  of  the  torquer 
depend  on  each  other  (Fig.  3.1.2),  In  contrast  to  the  SDF  gyro  (s.  Fig.  3.3.7).  Because  of  this  limitation  of 
construction  the  torquer  scale  factor  S‘  [dyn-cm/mA]  of  the  DTG  Is  lower  as  compared  to  that  of  the  SDF 
gyro.  To  achieve  a  gyro  scale  factor  ST  ■  SVH  of  the  same  magnitude  as  the  SOF  gyro,  the  DTG  has  to  run 
at  a  lower  spead  (s.  Tables  3.3.2  and  3.4.2a).  An  exception  Is  again  the  Teledyne  SDG-S  which  has  a  very 
high  anguln;  momentum,  but  this  sensor  has  a  low  gyro  scale  factor  and  requires  a  very  high  torqulng  power 
at  high  Input  rates  (“1  kW  at  500  °/sl). 

Fig.  3.4.9  shows  the  cross  section  of  the  Litton  DTG  "Vlbraqlmbil"  family  62.  G4.  G1200  for  use  on  olat- 
fonas  {LTJT7Z,  LTN  71,  LN  33,  LH  40).  In  Fig.  3.4.10we  see  the  lltef  K  273  DTG  which  Is  the  sensor  In  the 
strapdown  attitude  and  heading  reference  system  lti£80.  Finally,  Table  3.4.2  summarizes  some  details  on 
DTG's  for  platform  and  strapdown  application. 


56 


Parameter 

Ferranti 
Osclllogyro 
Type  142 

Incosvm 
Incoflex 
DTG  No.  7 

Lltef 

K  273 

Litton 

G-6 

Sagem 

GSD 

Singer  Singer  Teledyne 
Kearfott  Kearfott  SDG-5 

Conex  Gyroflex 

Weight  [9*] 

227 

100 

250 

400 

130 

140 

275  < 1045 

Diameter  [mm] 

42.6 

25.4 

38 

46 

40 

37 

54 

76 

Length  [mm] 

44.1 

38.1 

49 

38 

34 

45 

46 

76 

Spin  Frequency 
[HI] 

175 

160 

180 

100 

180 

200 

240 

100 

Angular  Momentum 

H  [9»-o»2/s] 

1.3-104 

2.8-104 

8.1-104 

1.4104 

2.7-104 

1.8*10®  1 

•106 

Moment  of  Inertia 

Spin  Axis 
[gm-cmz] 

25 

129 

22 

119 

1600 

Transv.  Axle 

[9»-c*2J 

18 

23 

12 

62 

Figure  of  Merit 

200 

550 

45 

440 

300 

Maximum  Torqulng 
Rate  [°/s] 

0.28 

1200 

200(400) 

40(200) 

300 

200(400) 

7.0 

400 

Torquer  Scale 

1.8 

Factor  [°/h/mA] 

0/h/V1} 

3600 

1100 

1250 

900 

46(125) 

170 

Torquer  Scale 

Factor 

Linearity  [ppm] 

30 

100 

50 

500 

100 

10 

25 

Stability  [ppm] 

20 

50 

20 

27 

g-lnsensltive,  Bias 
Drift  [°/h] 

<0.5 

<10. 

<25 

0.005 

5(+0.05) 

5.0 

1.0 

<2.0 

Day  to  Day  Drift 

[>] 

0.01(0.005) 

1.0 

0.3 

0.01 

<0.05 

0.03 

0.003 

0.005 

g-sensltlve 

Drift  [°/h/g] 
"’-sensitive 

<2.0 

<1.0 

<  25(+0.3) 

5 

2(+0.03) 

5.0 

1.0 

<0.2 

Drift  [°/h/g2] 

<0.06 

0.10 

0.15 

0.02 

0.2(+0.03)  0.03 

0.001 

<0.03 

Short  Term  Drift 

[°/h] 

0.005 

1.0 

0.3 

0.002 

<0.01 

0.003 

0.0003 

0.001 

(figures  In  (  ) 
for  spin  axis 
vertical) 

Operating  Tempe¬ 

0.005(0.002)  1.0 

0.3 

0.002 

<0.01 

0.003 

0.0003 

(0.0005) 

0.001 

rature  [°c] 

-40  to  +80 

-40  to  90 

-40  to  90 

-40  to  80 

-40  to  93  -40  to  71 

-40  to  93 

Vibration  [g] 

Shock  [g] 

30 

(10  to 

1000  Hz) 
60(llms) 

30 

(5  to 

2000  Hz) 
250  (6ms) 

10 

(5  to 

2000  Hz) 
30(100, 

10 

(10  to 

1000  Hz) 

100(0.5  ms) 

200  100 
(10  to  (10  to 

1600  Hz)  1000  HZ) 
225(1. 5ms)  lOO(llms) 

150(7.5ms) 

Linear  Accele¬ 
ration  [g] 

20 

2  ms) 

<20 

50 

225 

2Z5(ems) 

200 

150 

Number  of 

Gimbals 

0  (beam  1 

shaped  ro¬ 
tor  with 
single  de¬ 
gree  of 
freedom 
elastic  hinge) 

1 

1 

1 

1 

2 

3 

^capacitive  torquer 


Table  3.4.2*  Date.  for  Sea*  Dynamically  Tuned  Gyroscopes 


No. 

Singer  Kearfott 
Gvroflex 

Singer  Kearfott 
Conex 

Teledyne 

SDG-5. 

1 

Gyro  Mechanical  Resonant  Free.  [Hz] 

240 

200 

100 

2 

Gyro  Time  Constant  [s] 

100 

50 

250 

3 

Rotor  Angular  Freedom  [°] 

C.5 

1.0 

<0.5 

4 

Torquer  Axis  Adjustment  [arc  min] 

0.5 

30.0 

<1 

5 

Spin  Axis  Adjustment  [arc  min] 

0.5 

3.0 

<1.5 

6 

Mass  of  Rotor  [gm] 

44 

22 

260 

7 

Mass  of  Gimbals  and  Heights  [gm] 

0.6 

0.7 

33 

Rotor  CG-Adjustment 

8 

Axial  [pm] 

0.3 

0.61 

80 

9 

Radial  [pm] 

0.1 

12.2 

130 

10 

Glmbal  Axis  Separation  Adjustment  [pm] 

20 

6.7 

50 

11 

Quadrature  g-SensItlvIty  [°/h/g] 

0.25 

<1.5 

12 

Spin  Axis  Mass  Unbalance  [°/h/g] 

1.5 

10 

<1 

13 

2n-Translat1onal  Sensitivity  [°/h/g  peak] 

0.5 

20 

0.2 

14 

2n-Angular  Sensitivity  [°/h/are  sec] 

0.1 

5 

0.1 

15 

Quadrature  g-SensItlve  Drift  [°/h/g] 

0.25 

1.5 

3 

16 

Torqulng  Power  [Hatt] 

26  for  10  °/s 

3.5  for  100  °/s  40  for 

100  °/s 

Uncompensated  Temperature  Sensitivity 

17 

g-lntensltlve  Drift  [°/h/tC] 

0.0005 

0.03 

0.001 

18 

g-SensItlve  Drift  f/h/g/K] 

0.003 

0.05 

<0.02 

19 

Torquer  Scale  Factor  Q>pm/K] 

25 

25 

-115  +  25 

20 

Plckoff  Offset  [arc/sec/k] 

0.05 

0.1 

0.1 

Table  3.4.2b  Additional  Data  on  Some  Dynamically  Tuned  Gyros 
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3.5.1  Introduction 


Optical  gyros  stake  use  of  the  so-called  "Sagnac"  effect,  l.e.  two  light  beam  travelling  In  opposite 
directions  In  an  optically  closed  path  are  affected  by  the  rotation  around  the  axis  rtonaal  to  the  optical 
ring.  This  phenomenon  ms  first  observed  by  Harres  In  1912  and  by  Sagnac  In  1913  [3.26  ,  3.27] . 


The  sensing  element  of  the  optical  gyro  thus  Is  isassless  and  the  sensor  should  show  no  errors  due  the 
dynamic  environment.  This  feature  appears  to  offer  enormous  advantages  when  compared  to  the  mechanical 
gyro,  especially  when  the  gyro  Is  Integrated  Into  a  strapdown  navigation  system  (Section  7.4.4).  Therefore, 
optical  gyros  would  seem  to  be  the  Ideal  sensors  for  use  In  flight  tests  over  a  wide  range  of  different 
applications  and,  consequently,  are  of  special  Interest  to  the  flight  test  engineer. 


The  following  types  of  optical  gyros  are  In  development  or  In  use  already: 

-  optical  rate  sensors  (ORS),  where  the  output  signal  Is  a  phase  shift  between  two  light  beam;  and 


-  rate  Integrating  sensors  (ring  laser  gyro  RL6),  where  the  output  signal  Is  a  frequency  shift  between 
two  light  beam  which  can  be  directly  converted  Into  pulses  proportional  to  Input  angular  Incrments. 


The  sensitivity  of  the  optical  gyro  depends  on  the  area  A  enclosed  by  the  light  path.  For  a  given 
outer  dimension,  the  use  of  fibre  optics  to  Increase  this  enclosed  area  by  numerous  windings  would  appear 
to  be  an  Ideal  my  of  Increasing  this  sensitivity. 


For  the  optical  rate  sensor,  l.e.  the  classic  Sagnac  ring  Interferometer,  the  scale  factor  Is  propor¬ 
tional  to  the  area  A  enclosed  by  the  light  beam  (s.  Eq.  (3.5.3))  and  the  use  of  fibre  optics  opens  a  way 
to  Increase  Its  sensitivity.  This  Is  essential  If  the  sensor  Is  to  be  of  tolerable  dimensions,  because 
Its  sensitivity  for  one  fibre  winding  Is  extremely  low  (e.g.  3.5  arc  min  phase  shift  per  1  rad/s  Input  rate 
for  a  circular  path  of  10  cm  diameter,  s.  Eq.  (3.5.3)).  However,  once  this  technique  will  be  available,  the 
Instrumentation  engineer  will  gain  freedom  to  further  reduce  the  outer  dimensions. 


The  development  of  the  fibre  optic  rotation  sensor  Is  being  actively  pursued  by  many  Institutions. 

1$  hampered  by  the  fact  that  In  this  sensor  the  light  beam  are  In  contact  with  matter  throughout  their 


It  1$  hampered  by  the  fact  that  In  this  sensor  the  light  beam  are  In  contact 
long  path  and  consequently  suffer  adverse  effects. 


For  the  optical  rate  Integrating  sensor  the  scale  factor  Is  proportional  to  the  enclosed  area  A  divided 
by  the  length  L  of  the  path  (s.  Eq.  (3.5.7))  and  the  use  of  the  above  mentioned  multltum  path  does  not 
present  any  advantage.  Nor  Is  there  a  need  for  Increasing  the  sensitivity,  because  It  Is  already  extrm 


ly  high  (e.g.  18  Hz  per  1  Earth  Rata  Unit  ERU  for  a  diameter  of  10  cm,  or.  expressed  In  different  dimen¬ 
sions,  2.3  arc  seconds  Input  angle  for  1  pulse  output,  see  Eq.  (3.5.9)) .  High  quality  sensors  are  being 
built  using  three  or  more  mirrors  within  a  linear  dimension  of  10  cm. 


At  the  present  time  the  main  drawbacks  to  the  use  of  optical  gyros,  compared  with  mechanical  gyros,  are 
their  availability,  cost  and  size.  The  mechanical  gyros  will  certainly  be  retained  for  use  as  stabilization 
devices  and  strapdown  sensors  for  lower  accuracy  (drift  >0.1  °/h)  for  some  time  to  com. 


In  the  following  paragraphs  a  brief  review  of  the  physics  of  the  Sagnac  Interferometer  Is  given  together 
with  Its  application  to  the  optical  rate  sensor  (ORS)  and  the  ring  laser  gyro  (RL6).  The  main  sources  of 
error  are  also  discussed  and  examples  of  the  RL6  are  given.  No  similar  examples  for  the  ORS  are  presented 
because  this  sensor  has  not  yet  left  the  laboratory  development  stage. 


3.5.2  The  Sagnac  Rlr 
Gyro  (RL6) 


Interferometer 


as  a  Basis  for  the  Optical  Rate  Sensor  (ORS)  and  Rln 


Around  the  turn  of  the  century,  discussions  took  place  among  physicists  about  the  nature  of  light,  in 
1881  Hlchelson  investigated  the  nature  ofa  moving  source  of  light  using  a  linear  Interferometer  [3.28], 
but  this  Investigation  did  not  show  any  measurable  effect,  thus  proving  that  the  speed  of  light  (c)  emitted 
from  a  moving  source  remains  constant  with  respect  to  Inertial  space.  However,  for  the  same  reason,  the 
Sagnac  ring  Interferometer,  see  Fig.  3.5.1.  showed  an  effect. 


The  SRI  shown  In  Fig.  3.5.1a  consists  of  a  light  source  (LS),  a  beam  splitter  (BS),  three  fully  re¬ 
flecting  mirrors,  Nl,  Hz  and  n  for  guiding  the  two  light  beams  1  and  II  on  a  square  path  back  to  their 
common  origin  on  BS  where  part  of  their  power  Is  combined  and  projected  onto  the  screen  (SC).  If  the  opti¬ 
cal  paths  for  both  beams  are  Identical,  a  photon  emitted  from  BS  on  paths  I  or  II  will  reach  the  origin 
again  after  time  T  -  L/c,  where  L  Is  the  length  of  the  path  and  c  the  spaed  of  light.  If  the  ring 


again  after  time  T  >  L/c,  where  L  Is  the  length  of  the  path  and  c  the  speed  of  light.  If  the  ring 
Interferometer  is  rotated  In  the  direction  shown  with  respect  to  Inertial  space  It  can  be  seen  that,  since 
c  Is  constant  with  respect  to  Inertial  space,  the  light  beam  1  will  reach  the  origin  on  BS  at  a  time  At, 
later  than  T.  Similarly  the  light  beam  II  will  reach  BS  at  time  Atjj  earlier.  The  equations  for  At  can 
easily  be  derived  for  the  circular  path  Interferometer  with  radius  r  and  area  A  (see  Fig.  3.5.1b)  as: 


At  j  ji  Mlu  r/c  and 


2Lur  4A 

T  7 


(3.5.1a,b) 


with  AT  being  the  time  difference  between  both  beams.  This  tin 
the  beams  had  travelled  optical  paths  differing  by  the  length 

AL  •  cAT  ■  u  «  ™  u. 


difference  can  also  be  Interpreted  as  If 


(3.5.2a,b) 
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This  Interpretation  helps  us  to  understand  the  ring  User  gyro  very  easily.  It  Is  shown  In  [3.29]  that 
the  fomuUs  (3.5.1b  and  3.5.2b)  are  Independent  of  the  shape  of  the  enclosed  area  A. 

The  time  difference  AT  between  the  beam  causes  a  relative  phase  shift  Asp  or  a  relative  shift  Az  of 
the  fringe  pattern  once  they  are  brought  to  Interference: 

AZ  ■  ^  u  »  1.65  *  10*4  per  u  •  1  ra d/s  tif  •  2*Az  *  u  •  3.57  arc  win  per  u  «  1  rad/s 

(3.5.3a.b) 


where  for 
source  of 


!or  the  figures  the  following  asstiaptlons  have, been  awde:  a  circular  path  of  10  aa  dlamtar,  a  light 
of  He-Ne  (1  •  6.33  •  10"’  cm)  and  c  •  3  •  10*0  oa/s.  The  numbers  reveal  how  weak  the  signal  Is. 


.1  1. 


UXZel 


y' 


Fig.  3.5.1  Segnic  Ring  Interferometer  (•)  end  Its  Clrculer  Substitute  (b) 


Fig.  3.5.2  The  Ring  User  Gyro  in  Principle 
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Threshold  values  of  Az  and  Ap  found  In  the  literature  [3.30]  are: 

ili»1n  *  10”3  ^eln  ’  2  '  rad  •  4  •  10**  arc  sec.  (3.5.4a,b) 

These  equations  show  that,  with  the  ORS  evaluating  the  direct  phase  shift.  It  should  theoretically  be 
possible  to  measure, 

>1n  *  *>  °'h-  <3‘5-5> 

This  readout  eethod  was  Investigated  at  Lear  Slegler  for  the  development  of  an  OftS.  Though  the  above 
mentioned  threshold  was  confirmed,  other  adverse  effects  limited  the  sensitivity  of  a  20  cm  square  set-up 
to  over  25  °/s  [3.30]  . 

The  readout  method  of  the  fringe  pattern  shift  was  used  by  Nlchelson  and  Sate  In  1925  and  they  even  ma¬ 
naged  to  measure  the  rotation  of  the  earth  with  Az  «  0.251  But  their  Interferometer  was  of  unwieldy  outer 
dimensions,  namely  340  m  and  610  m  separation  of  the  four  mirrors  [3.31]. 

3. 5. 2.1  The  Optical  Rate  Sensor 


t  t  present  scientists  In  different  countries  have  high  expectations  for  the  use  of  fibre  optics  In  the 
SRI  In  order  to  develop  an  OftS  of  high  accuracy  and  acceptable  dimensions  [3.32  to  3.37] . 

The  expectations  are  nourished  by  the  following  advantages  of  the  ORS  as  compared  to  the  RLG  discussed 
In  the  next  section: 

-  the  use  of  Integrated  optics  promises  that  the  ORS  will  become  a  very  cheap  sensor;  and 

•  a  solid  state  laser  may  be  used  In  the  ORS  Instead  of  a  gas  laser  of  limited  life  time  which  1$  at 
present  required  for  the  RLG. 

For  the  OftS,  the  scale  factors  given  In  Eqs.  (3.5.1  to  3.5.3)  are  Increased  by  every  turn  of  the  fibre 
optic  coll  by  substituting  for  A  In  these  equations. 

A  -  n  A1  (3.5.6) 


where  A'  1$  the  mean  area  enclosed  by  each  fibre  optic  turn  and  n  Is  the  number  of  turns. 

Assuming  that  the  threshold  for  measuring  the  relative  fringe  shift  Is,  In  accordance  with  Eq.  3.5.4a, 

Az  •  10-3  then,  in  order  to  measure  1  Earth  Rate  Unit  (ERU)  with  an  ORS  having  a  circular  path  diameter  of 
10  cm,  the  nueber  of  turns  (n)  required  would  be  82918  and  thus  the  length  (L)  of  the  fibre  optic  26  loal 

If  the  method  of  direct  phase  shift  measurement  could  be  exploited  with  the  corresponding  threshold  of 
Eq.  (3.5.4b),  then  only  3  turns  with  a  length  L  •  1  m  would  be  required. 

In  present  breadboard  sensors  frequency  modulation  techniques  using  acousto- optical  elements  for  varying 
the  light  frequency  are  applied  to  convert  the  ORS  output  signal  (phase  shift  or  fringe  pattern  shift)  In¬ 
to  an  output  frequency. 

The  present  state  of  the  art  Is  characterized  by  the  fact  that  In  the  laboratory  short-term  noise  equi¬ 
valent  rotation  rates  below  3  °/h  have  been  accomplished  with  sensors  of  30  cm  diameter  and  200  m  fibre 
length  [3.37], 

The  development  of  an  ORS  Is  beset  with  problues  and  the  following  are  just  three  Important  ones.  They  In¬ 
dicate  why  the  ORS  has  not  yet  progressed  beyor.d  the  laboratory  development  stage. 

-  Expansion  of  the  optical  fibre  and  stress  due  to  a  temperature  variation,  for  Instance,  affect  the  ORS 
scale  factor  and/or  the  optical  properties  of  the  fibres;  though  the  corresponding  effects  are  reci¬ 
procal!)  and  In  general  separable  from  the  non-reciprocal  effect  due  to  sensor  rotation,  they  do  af¬ 
fect  the  measurement  and  have  to  be  compensated. 

-  Time  varying  expansion  and  stress  due  to  temperature  gradients,  for  lnstance.it  wall  as  magnetic  stray 
fields  cause  non-reciprocal  effects  which  are  not  separable  from  the  signal  to  be  measured.  These 
rate  errors  have  been  estimated  [3.38] .  For  an  OftS  with  an  optical  path  diameter  of  20  cm  a  thermal 
gradient  of  10-‘  K/s  over  a  length  or  1  a  will  Induce  an  error  of  0.1  °/h.  A  similar  error  will  also 
be  Introduced  If  the  magnetic  field  In  the  same  OftS  changes  by  1/60  of  the  earth's  magnetic  field. 

-  Beckscattering  noise  within  the  fibre  and  noise  In  the  readout,wh1ch  Is  reduced  by  using  phase  modu¬ 
lation  techniques  or  an  Incoherent  light  and  subsequent  filtering  [3.37]. 

3. 5. 2. 2  The  Ring  Laser  Gyro  (RLG) 

The  set-up  for  tire  ring  laser  gyro  (RLG)  In  Fie.  3.5.2  differs  In  principle  frem  the  one  for  the  ORS  In 
Fig.  3.5.1  In  the  following  way.  The  light  source  -  a  gas  laser  -  Is  mounted  Into  the  optical  path  replacing 
the  exterior  light  source  plus  beam  splitter  of  Fig.  3.5.1;  the  end  mirrors  of  this  laser  tube  are  replaced 
by  Brewster  mirrors?):  the  optical  path  mirrors  HI,  K2,  H3  are  turned  In  such  a  way  that.  Instead  of  the 
laser  tube  alone,  the  whale  optical  path  acts  as  a  resonance  cavity. 

Ron- reciprocal  effects  are  caused  by  motion  or  magnetism,  whereby  light  beams  travelling  in  matter  In 

opposite  directions  are  affected  differently. 

2)  Brewster  windows:  material  glass;  angle  of  57°  with  respect  to  optical  axis;  allow  transmission  without 

loss  of  light  linearly  polarized  In  the  plane  of  Incidence  and  reflect  light  linearly  polarized  normal 

to  the  plane  of  Incidence  [3.28] . 


In  this  particular  devlca  the  optical  path  Is  composed  of  three  Mirrors  only,  as  It  Is  pursued  at  present 
by  all  Manufacturers  with  the  exception  of  Litton,  which  selected  four  Mirrors.  The  Mirror  (HI)  Is  partial¬ 
ly  transmitting  and  the  prlsa  (P)  Is  part  of  the  Interference  optics. 

The  ring  laser  Is  tuned  to  an  oscillation  with  a  frequency  v  and  a  wavelength  A,  which  Is  an  Integer 
of  the  cavity  length  L  as  In  a  normal  laser.  Due  to  the  Sagnac  effect,  the  cavity  length  of  both  light 
beans  I  and  II  will  apparently  be  displaced  fron  L  by  an  aaount  Alj  •  cfiti  and  din  •  c&tn ,  or  relative 
to  each  other  by  an  amount  4L  (s.  Eq.  3.5.2a,b)).  This  results  In  a  frequency  difference  Av. 

With  Av/v  ■  AL/L  and  c/v  •  A,  where  A  Is  the  mean  wavelength  of  both  beans,  the  frequency  difference  becomes 

Au  [Hi]  -$w[rad/s]  -9.12  •  104u  [rad/s]  (3.5.7) 

for  a  triangular  path  with  a  side  length  of  10  cm  and  A  ■  6.33  •  10'/  a  (He-Ne  laser). 

This  frequency  d  r'ference  causes  a  wandering  of  the  Interference  pattern  at  the  screen  (SC)  proportional 
to  the  angular  rate  with  respect  to  Inertial  space. 

A  photodiode  Mounted  on  the  screen  (SC)  will  count  the  nunber  of  fringes  that  pass  It.  Each  fringe  nay 
then  easily  be  converted  Into  a  pulse  which  Indicates  the  angle  Inc  meant  through  which  the  sensor  has  ro¬ 
tated  with  respect  to  Inertial  space.  The  nunber  N  of  pulses  for  the  total  Input  angle  displacement  A*: 

N  -  $  A*  (3.5.8) 

defines  the  RLG  nominal  scale  factor  S,  which  for  A  •  6.33  '  10~7n  and  a  triangular  RLG  of  10  cm  side  length 
has  the  following  magnitude: 

I’-5-*1 

This  result  Indicates  that  the  RLG  Is  Ideally  suited  for  use  as  a  flight  test  sensor  and  In  strtpdown 
navigation  systems. 

3.5.3  Design  Criteria  for  the  Ring  Laser  Gyro  end  Sources  of  Error 

3.5. 3.1  Characteristics  Common  to  All  Ring  Laser  Gyros 

Let  us  first  coament  on  the  selection  of  the  laser  -  gas  laser,  liquid  laser  or  solid  state  laser.  Not 
only  can  any  laser  amplify  light  of  a  fixed  frequency  but  also  light  within  a  broad  spectrum  due  to  the 
Doppler  effect  of  Its  moving  atons.  Yet  the  laser  will  oscillate  at  the  frequency  whose  wavelength  Is  an 
Integer  of  the  resonance  cavity  L  •  nA. 

In  the  RLG  the  need  for  the  Independent  amplification  of  two  light  beams  of  different  frequencies  In  one 
laser  makes  It  necessary  to  use  a  gas  laser.  For  the  He-Ne  gas  laser,  which  Is  nost  comeonly  used  In  RLGs, 
the  amplification  bandwidth  Is  1500  Mz,  approximately.  The  Intensities  of  the  two  light  beams  vary  periodi¬ 
cally  with  the  resonator  length  as  shown  In  Fig.  3.5.3  ("node  distance"  In  this  special  case  »  500  mz). 

Here  the  Intensities  Ij  and  I2  of  the  two  light  beans  countertravelling  In  the  ring  laser  are  drawn  over 
the  variation  of  tuba  length.  The  curves  are  periodic  with  the  wavelength  a  of  the  centre  frequency  (the 
snail  apparent  shift  between  both  Intensities  Is  due  to  the  construction  of  the  plotter). 


*1  -  I2 


\r.l 


Intensity 


Fig.  3.5.3  Amplification  Spectrum  of  Input  Light  In  a  He-Ne  Laser  Tube 


Distinctly  to  be  inn  In  Fig.  3.S.3  Is  the  so-called  "Lub  dip*  near  the  mxIm  of  the  Intensity  curves, 
<  condition  In  the  RIG,  when  both  light  bens  hive  the  sent  frequency  (zero  Input  rete),  l.e.,  when  both 
beams  have  to  be  amplified  by  atoms  of  zero  velocity  13.391.  Uhen  only  one  Isotope  Is  used  this  ’leap  dip* 
Is  only  possible  for  one  of  the  two  boons,  the  Intensity  of  which  Increases  abruptly  at  the  expense  of  the 
Intensity  of  the  other  bean.  If  two  Isotopes  are  used  with  their  gain  curves  and  centre  frequencies  shifted 


Nt)  In  •  «1xturt  of  1:1  Mostly  uttd  (t.  also  Fig.  3.5.10). 


The  velocity  of  the  gas  within  the  laser  tube,  caused  by  the  high  voltage  electrical  field  (Langnulr 
flow}  and  twperature  gradients,  trill  result  In  a  constant  frequency  shift  between  the  two  counter- travel¬ 
ling  light  beans,  which  will  be  detected  at  the  screen  as  an  angular  Input  rate.  This  Is  due  to  the  so- 
called  *F1zeau  effect*,  describing  the  effect  of  the  velocity  V  of  an  111* looted  flowing  nedlias  of  refrac¬ 
tion  Index  n  on  the  speed  c*  of  light  [3.39]: 


£  .  i  +  |  (1  -  l/n2)  -  (0.9997  +  1.999  •  10‘14).  (3.5.10) 

The  nunbers  are  good  for  V  *  1  cn/s,  c  •  3  ■  10®  n/s  and  n  «  1.0003  for  air.  In  the  RL6  this  causes  a 
change  of  optical  length  or  an  apparent  frequency  difference  Av  or  angular  rate  Au  [3.40]: 


Av  -  2(n2  -  1)  If  V  *  6  Hz,  l.e.  Au  *  4  °/h 


(3.5.11) 


for  a  ratio  of  the  laser  tube  length  d  to  the  total  length  L  of  the  cavity  of  d/L  »  1/3  and  X  -  6.33-10  n 
as  for  He- he. 

To  overcone  the  Flzeau  effect,  RLG's  are  always  fitted  with  lasers  having  two  anodes  and  one  cathode  or 
vice  versa  nounted  sywnetrlcally  within  the  tube  as  Indicated  by  Fig.  3. 5  .4,  which  shows  the  basic  design 
principles  of  a  Honeywell  laser  gyro.  If  only  one  anode  were  to  be  used  the  result  would  be  an  apparent 
rotation  of  the  sensor  proportional  to  a  nultlple  of  100  °/h  [3.411.  The  sensor  nay  be  biased  to  compensate 
for  sone  of  these  effects  by  adjustnent  of  the  high  voltage  (ca.  1500  V)  In  both  branches.  The  nunber  just 
quoted  Indicates  that  a  highly  stabilized  control  of  voltage  and  of  temperature  Is  required. 
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Fig.  3.5.4  Basic  Configuration  of  the  Honeywell  Ring  Laser  Gyro 


Another  source  of  error  Is  due  to  the  fact  that  the  refraction  Index  n  depends  upon  the  frequency  v 
of  the  transnltted  light.  This  causes  the  prism  spectre  of  white  light,  and  Is  known  as  the  ‘dispersion 
effect*.  For  the  RL6  this  noans  that  the  optical  cavity  length  L  •  Jn  (vj  dl  (with  dl  a  length  Increnent) 
and  thus  Its  scale  factor  (s.  Eq..  (3.5.7)}  are  functions  of  v.  This  nonlinearity  In  the  order  of  0.1  S  to 
1  S  Is  conpensable  If  the  operating  characteristics  of  the  laser  raws  in  constant  [3.40]. 


However,  the  dispersion  effect  defines  the  stability  required  of  the  wean  light  frequency,  l.e.  the  sta¬ 
bility  of  the  cavity  length.  This  Is  firstly  accomplished  by  using  notarial  of  a  very  low  thermal  expansion 
coefficient  (Cer-Vlt,  Zerodur)  and  secondly  by  controlling  the  naan  Intensity  of  the  two  light  betas  to  its 
relative  aaxlnua.  This  Is  acconpllshad  by  naans  of  a  control  loop  from  a  photodiode  on  the  partially  trans¬ 
mitting  nlrror  to  a  piezo  elwant,  adjusting  one  of  the  mirrors  to  the  constant  cavity  lenght.  The  Intensity 
maximum  an  be  sensed  hy  additionally  dithering  the  piezo  elmnt. 


'feet  defines  the  stability  required  of  the  moan  light  fi 
This  Is  firstly  accomplished  by  using  material  of  a  van 
)  and  secondly  by  controlling  the  naan  Intensity  of  the 


64 


The  path  1  Wight  control  to  tho  maximum  of  the  moon  light  Intensity  Mkn  any  othor  temperature  control  of 
the  sensor  unnecessary.  He  nay  thus  state  too  essential  advantages  of  the  RLG  over  other  gyroscopic  sensors: 
digital  output  and  taeperature  Insensitivity  -  at  least  In  theoryl 

A  RL6  Incorporating  the  above  design  features  will  work  satisfactorily  for  high  Input  rates  of  m;  In 
fact  the  upper  Input  rate  Is  only  United  to  values  above  800  to  1000  °/s  by  the  fact  that  the  nodulatlon 
amplitude  decreases  with  the  output  frequency  [3.42}.  But  the  RLG  has  a  lower  Unit  on  Input  rates  of  a 
few  hundred  degrees  per  hour  (Fig.  3.5.5). 


A  »  0.017  m2 
L  ■  0.6  n 
A  -  6.33  •  10*7  n 


Fig.  3.5.5  The  Lock-In  Effect  of  the  Ring  Laser  Gyro 

This  Is  due  to  the  so-called  "lock  In*  effect  experienced  by  any  too  weakly  coupled  oscillators  with 
neighbouring  natural  frequencies.  If  this  type  of  oscillating  systma  Is  excited  near  the  natural  frequen¬ 
cies,  both  coupled  oscillators  will  have  the  sane  period.  Beat  frequencies  will  be  experienced  only  If  the 
excitation  frequency  Is  distinctly  different  fron  the  natural  frequencies. 

In  the  RLG  the  coupling  of  both  oscillators,  l.e.  the  too  light  beam.  Is  caused  primarily  fay  the  scat¬ 
tering  of  light  at  the  nlrror  surfaces  and  within  the  laser  tube.  The  relationship  between  the  ‘lock  In* 
rate  (uL),  the  nlrror  backscatterlng  amplitude  (r  ■  10*2)  Into  the  whole  solid  angle,  the  bean  diameter 
(d  •  1  an),  the  enclosed  area  (A  «  43.3  cm2  for  a  triangular  optical  path  of  10  cm  side  length),  the  speed 
of  light  (c  ■  3  x  10®  a/s)  and  the  wave  length  (A  >  6.33  x  10*'  n  for  Ne-He)  Is  given  as  [3.40J: 

wL  -  2.063  •  105  •  §2^  -  570  °/h.  (3.5.12) 

L  2 

This  corresponds  fairly  wall  with  experimental  values.  It  Is  Interesting  to  note  that  nr  -  A  ,  l.e.  re¬ 
duction  of  the  wave  length  Is  beneficial,  because  It  Increases  the  scale  factor  (s.  Eq.  (3.5.9))  and  re¬ 
duces  the  value  of  (s.  Fig.  3.5.4).  Another  approach  for  the  analysis  of  the  lock-in  problem  Is  presented 
In  [3.42] . 

The  'lock  In*  effect  cannot  be  coaqiletely  overcome.  Its  reduction  through  the  developnent  of  Improved 
mirrors  with  low  backscatterlng  and  high  reflectivity  Is  the  central  topic  of  RLG  research.  Typical  re¬ 
sults  from  an  analysis  and  laboratory  measurement  are  presented  In  [3.44]  and  [3.45] .  “Lock-In  rates  as 
low  as  100  °/h  have  already  been  accomplished  [3-43].  However,  the  value  would  still  be  too  high  for  a  sen¬ 
sor  with  these  characteristics  to  be  used  In  navigation  systems. 

The  'lock  In*  effect  can  be  overcome  by  exposing  the  too  light  beams  to  an  environment  which  causes  non¬ 
reciprocal  effects,  l.e.  effects  which  Influence  the  light  beams  differently  according  to  the  directions 
In  Milch  they  are  travelling.  As  stated  earlier  these  effects  may  be  Induced  hy: 

-  motion, or 

-  magnetism. 

These  effects  may  be  Introduced  by  employing  'bias  techniques*, (s.  Fig.  3.5.6)  namely: 

-  as  a  continuous  bles.or 

-  as  a  periodical  bias  or  dither. 

Different  accuracy  problems  arise  from  the  use  of  these  ‘bias  techniques*,  l.e. 

-  If  the  bias  Is  applied  continuously  (s.  Fig.  3.6.6a),  It  must  be  high  enough  (e.g.  100  °/s)  to  ensure 
that  the  RLG  never  enters  the  'lock  In*  rejion.  aiw  it  must  be  stable  enough  to  ensure  that  after  com¬ 
pensation  sufficient  accuracy  Is  achieved,  (e.g.  10"*  °/h).  The  requlrmaent  for  relative  stability  Is 
thus: 

«*»/«  •  3  •  10*®.  (3.5.13) 

-  If  the  bias  Is  applied  periodically  (s.  Fig.  3.6.6b  to  d).  the  gyro  wlllenter  the  “lock  In*  region  twice 
per  dither  cycle  and,  on  leaving  this  region  the  two  oeias  will  attompt  to  pull  Into  phase  lock.  The 
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resulting  phase  shift  (order  of  magnitude  some  10°)  will.  *t  the  best,  constitute  *  source  of  rste 
noise  which  can  never  be  Made  tero.  These  errors  will  accunulate  In  a  randOM  Manner  when  the  RIG  out¬ 
put  (s  sunned  up  giving  rise  to  a  "randon  walk*  cumulative  output  error,  whose  lobtnd  Increases  with 
the  square  root  of  the  elapsed  time.  This  Is  particularly  serious  when  short  neesure*ent  times  are 
employed  for  the  extraction  of  the  sensor's  drift;  the  apparent  drift  due  to  the  randon  walk  will  be 
quite  large  [3.46]. 

•  A  second  error  source  with  this  dither  compensation  Is  due  to  the  fact  that  the  gyro  does  not  Measure 
the  vehicle's  angular  notion  while  passing  the  'lock  In*  region;  this  also  contributes  to  a  'random 
walk*  drift  depending  on  the  dynamic  environment  and  the  tine  during  which  the  RLG  passes  this  region. 
A  high  dither  frequency,  or  preferly  a  square-wave  dither  notion, are  of  advantage. 

-  A  third  error  source  with  the  dither  cenpensatlon  Is  the  scale  factor  nonlinearity  at  Input  rates  near 
the  naxlnua  dither  rate  (s.  Flo.  3.5.6d).  It  arises  from  the  fact  that  at  this  Input  rate  the  highly 
nonlinear  naxlnua  dither  slnawave  dives  Into  the  lock-in  region.  This  scale  factor  nonlinearity  shows 
an  almost  square  law  dependence  on  the  lock-in  rate  [3.46]  amounting  to  SO  ppn  at  a  lock-in  rate  of 
approximately  0.4  o/s. 

An  obvious  technical  solution  to  a  continuous  bias  would  be  a  mechanical  rotation  of  the  RL6  at  >100  °/s. 
This  would  require  an  exact  knowledge  of  the  angular  rata  applied  In  order  to  compensate  accurately  for 
this  rotation  or,  conversely  an  exact  measurement  of  the  angle  between  the  rotating  RLO  and  the  base.  As 
far  as  It  Is  known,  this  technique  Is  not  currently  being  porsued. 

The  required  stability  In  Eq.  (3.6,13)  for  a  continuous  bias  cannot  be  achieved  by  using  magnetism. 

The  concept  first  pursued  by  Hamilton  Standard  under  the  name  of  'DILAG*  (differential  laser  gyro)  and 
later  by  Raytheon  under  the  name  of  *FFRL"  (four  frequency  ring  laser  gyro).  In  which  constant  magnetic 
bias  techniques  are  used.  Is  not  that  employed  in  a  conventional  RLG.  In  these  Instruments  two  RLGs  are  Im¬ 
plemented  In  one  cavity  with  the  constant  bias  acting  In  a  positive  or  negative  sense  upon  both.  Errors  In 
the  bias  cancel  out  In  the  combined  output  and  thus  the  stability  requirements  of  Eq.  (3.5.13)  are  not  ap¬ 
plicable  [3.46] .  We  will  coma  back  to  It  In  Section  3.S.3.S. 

Technical  solutions  which  have  been  applied  by  various  design  agencies  using  these  concepts  are  discussed 
below  and  their  characteristics  are  compiled  In  Table  3.6.1. 

3.5. 3. 2  The  Ring  Laser  Gyro  Using  the  Mechanical  Bias  Technique  (Mechanical  Dither) 

(Manufacturer:  Honeywell  US,  Honeywell  G.  Litton,  Rockwell,  Sperry  UK,  CROUZET-SFENA  F) 

The  RLG  Is  mounted  to  the  case  via  a  torsion  spring  (s.  Fig.  3.5.7a)  which  Is  excited  to  angular  vibra¬ 
tions  of  0.3°  amplitude  and  50  Ha  frequency  l.e.  of  100  °/s  angular  rate  amplitude,  approximately.  The 
dither  compensation  Is  done  In  an  elegant  way  by  mounting  the  readout  prism  and  the  detectors  case-fixed 
as  shown  In  Fig.  3.5.7b. 

Beside  the  drawback  that  mechanical  motion  Is  used  In  a  sensor  which  Is  solid  state  from  Its  physics, 
the  mechanical  dither  has  another  drawback:  the  bias  notion  Is  a  sinusoid  and  not  a  square  wave  (which 
would  bring  about  better  performance  since  the  lock-in  region  Is  traversed  In  the  shortest  tine  possible). 

But  so  far  this  concept  Is  pursued  by  nearly  all  manufacturers  (s.  Table  3.5.1)  which  nay  be  due  to  the 
following  factors: 

•  most  of  the  research  tine  has  been  Invested  In  this  concept 

-  mechanical  dither  does  not  have  a  problem  concerning  symmetry,  since  even  with  as^mmtrlc  dither  rate 
Its  Integral  will  not  Increase  with  time 

-  the  readout  concept  compensates  the  dither  regardless  of  Its  time  dependence. 

3. 5. 3. 3  The  Ring  Laser  Gyro  Using  the  Magnetic  Mirror  Bias  Technique 
(Manufacturer:  Sperry) 

In  this  RLG  a  magnetic  environment  Is  used  to  create  a  non-reciprocal  effect.  In  1876  Kerr  (UK)  [3.47] 
showed  that  the  use  of  magnetic  mirrors  affected  the  properties  of  light.  The  transverse  Kerr  effect  Is 
used  In  this  RLG  to  separate  the  frequencies  of  both  light  beams  at  zero  Input  angular  rate  (s.  Fig.  3.5.8). 
The  maximum  effect  occurs  when  the  two  beams  are  polarized  linear  In  the  plane  of  incidence  and  the  r 
magnetization  (H)  Is  In  the  plane  of  the  magnetic  mirror  and  normal  to  the  plane  of  Incidence. 

The  magnetic  mirror  consists  of  a  very  thin  transparent  layer  of  especially  composed  Iron  garnet,  to- 

?  ether  with  a  high  reflectivity  multilayer  dielectric  stack  |3.48|  to  (3.501 .  A  reflectivity  of  over  99.8  X 
s  obtained.  The  differential  phase  shift  for  the  oppositely  directed  waves  Is  2.0  arc  minutes  which, pro¬ 
ducts  a  bias  equivalent  to  60  degrees  per  second  In  a  0.4  m  path  length  gyro  operating  at  1.15  x  10"®  m  wave¬ 
length. 

By  periodically  switching  the  sense  of  the  applied  magnetic  field  the  bias  Is  likewise  periodically  re¬ 
versed.  The  garnet  material  has  a  very  square  hysteresis  loop  with  16  A/m  coercive  force.  As  a  result 
the  bias  obtained  reverses  very  suddenly.  In  10"*  seconds,  and  there  Is  essentially  no  time  spent  In  the 
zero  rate  dead  band.  This  eliminates  the  lock-in  effect  as  a  source  of  gyro  random  welk  drift,  allowing 
the  quantum  noise  limit  to  be  reached. 

The  square  loop  magnetic  property  also  makes  the  bias  mirror  very  Insensitive  to  stray  magnetic  fields, 
or  variation  In  the  strength  of  the  deliberately  applied  field,  since  the  mirror  Is  operated  well  Into 
saturation. 

kith  the  garnet  mirror,  a  random  welk  drift  of  0.006  deg/<ffir  at  x  ■  1.15  x  10*®  m  Is  achieved  using  a 
0.4  n  optical  path  gyro.  At  i  •  0.63  x  10"®  a  a  random  walk  of  0.001  or  lower  Is  realized,  owing  to  lower 
scale  factor  and  higher  lasing  Intensity. 
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3. 5. 3. 4  The  Ring  laser  Gyro  Using  the  Faraday  Cell  Bias  Technique  ? 

The  use  of  a  Faraday  cell  Is  an  alternative  method  for  separating  the  torn  light  beams  In  a  RL6  (s.  Fla.  ’ 

3.5.91.  In  1845  Faraday  showed  that  the  plane  of  polarization  Is  rotated  by  a  magnetic  field  whose  Inten¬ 
sify  Is  parallel  to  the  direction  of  the  polarized  light  beams  transverslng  the  Isotope  matter  [3-47].  The 
sense  of  rotation  Is  opposite  for  positive  and  negative  propagation  directions  parallel  to  the  applied  magnetic 
field.  This  nay  be  understood  as  occurlng  because  the  Index  or  refraction  of  the  material  depends  on  whe-  1 

tiier  the  precession  of  Its  electrons  about  the  applied  longitudinal  magnetic  field  Is  In  the  same  or  the 
opposite  sense  as  the  rotation  of  the  circularly-polarized  light's  electric  field.  Eoulvalently  stated, 
the  Faraday  effect  Introduces  a  differential  phase  shift  between  circularly  polarized  modes  travelling  1r  ; 

opposite  directions. 

In  a  RLG  this  rotation  of  the  circular  polarized  light  may  h  transformed  Into  a  corresponding  phase  . 

shift  of  linear  polarized  light  by  means  of  two  X/4  plates  In  t.unt  of  and  behind  a  Faraday  cell.  The  weak- 
nesc  of  this  method  Is  that  the  effect  Is  proportional  to  the  length  of  the  Faraday  cell  and  the  magnetic 
field,  anc  thus  the  stability  requirements  of  Eq.  (3.5.13)  can  never  be  achieved.  Temperature  changes  which 
affect  the  length  of  all  Intra-cavity  elements  can,  to  a  certain  extent,  be  overcome  by  proper  design  [3.46] .  ;  > 

and  by  periodically  switching  the  direction  of  the  magnetic  field.  However,  any  stray  magnetic  field  will 
generate  a  false  angular  rotation  signal. 

Thus  a  general  requirement  for  any  RLG  may  be  derived  as: 

"The  length  of  the  Intra-cavity  elements  transversed  by  the  beams  has  to  be  reduced  to  a  minimum  since  they 
may  act  as  unwanted  Faraday  cells." 

The  use  of  garnet  as  a  Faraday  cell  material  theoretically  opens  up  the  possibility  of  reducing  the  sensi¬ 
tivity  of  the  RLG  to  stray  magnetic  fields  since  this  material  can  be  brought  to  magnetic  saturation.  How¬ 
ever,  its  ability  to  transmit  light  Is  rather  low  thus  preventing  Its  use  In  a  straightforward  manner. 


► 


► 


l 


The  above  mentioned  problems  may  give  an  Indication  why  the  Faraday  cell  bias  technique  Is  at  present 
not  used  In  a  conventional  RLG  by  any  design  agency.  The  Faraday  cell  In  an  external  cavity  or  the  Faraday 
mirror  are  discussed  in  [3.49]. 

3. 5. 3. 5  The  Four  Frequency  Laser  gyro  (FFLG) 

(Manufacturer:  Raytheon  [3.46]) 

The  FFLG  takes  advantage  of  the  fact  that  one  single  cavity  can  not  only  serve  as  resonator  for  two 
counter  travelling  light  oeams,  but  for  four  light  beams  -  two  In  each  direction,  once  they  are  polarized. 
Only  two  circular  polarized  light  beams  (rlght-and  left-hand  circular  polarized,  rep  and  lep)  can  be  brought 
to  resonance  In  each  direction. 

Fig.  3. S.lOalndicatcs  the  elements  of  a  FFLG  resonator:  four  mirrors,  the  laser  tube,  the  reciprocal 
(direction  Incffpewient)  polarization  rotator  and  a  Faraday  cell  as  non-reciprocal  element.  The  polarization 
rotator  (typically,  a  piece  of  quartz  cut  normal  to  Its  main  symmetrical  crystalline  axis)  allows  only  rep 
cr  lep  beams  to  come  Into  resonance  In  each  direction.  It  simultaneously  splits  the  frequencies  of  the  rep 
and  lep  beams,  since  after  traversing  the  rotator  the  rep  and  lep  beams  are  rotated  by  20  with  respect  to 
each  other,  corresponding  to  a  relative  phase  shift  of  the  same  amount  and  to  a  frequency  shift  of 

Av  -  (3.5.14) 

c/L  being  the  free  soectral  range  of  the  original  (empty)  cavity.  For  the  case  of  a  90°  rotator,  the  modes 
are  split  by  one  half  of  the  free  spectral  range  and  therefore  have  a  symmetric  spectral  distribution.  Thus 
In  the  clockwise  (cw)  anu  counter  clockwise  (ccw)  directions  rep  and  lep  light  beams  are  brought  to  reso¬ 
nance,  i.e.  a  rep  and  a  lep  ring  laser  gyro  is  Implemented  at  frequencies  split  by 


A\) 


c 

2IT 


(3.5.15) 


as  Indicated  in  Fig.  3.5. 10b. The  lock-in  effect  In  the  two  gyros  requires  the  application  of  the  bias  tech-  |  , 

nlques  discussed  In  the  previous  sections.  For  this  purpose  •  non-reciprocal  polarization  rotator, e.g.  a  i 

Faraday  cell, Is  used  as  shown  In  Fig,  3.5.10  with  a  frequency  splitting  lower  than  the  one  mentioned  In 
Er(.  (3.5.15)  for  the  two  gyros.  f 

1  t 

The  non-reciprocal  rotation  effect  of  the  Faraday  ce’l  further  splits.  In  opposite  senses,  the  counter  j  i 

travelling  modes  of  each  gyro.  The  resulting  four  frequencies  are  shown  under  a  composite  gain  In  Fig.  ;  p 

3. 5. 10b. The  Faraday  frequency  splitting  Is:  !  • 

a/  .  vb  -  Vs  =  vd  -  vc  .£  (3.5.16)  ;  ’  ; 

with  eF  •  Faraday  rotation  In  radians.  !  I 

The  Sagnac  or  l*ser  gyro  effect  (s.  Eq.  (3.5.7))  In  the  two  gyros  Is:  j  "  i  I 


\, 


i 


Fareday  call 


Reciprocal 

polarisation 

rotator 


Direction  of  Travel 
cw  ccw  ccw  cw 


Fig.  3.5.10  The  Four  Frequency  Laser  Gyro  and  Its  Output  Signals 
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(3. 5. 17a, b) 


If  the  differential  output  between  the  two  gyros  1$  taken 

to  •  (vd  -  vc)  -  (vb  -  v*)  -  ^  (3.5.18) 

the  Faraday  bias  a/  will  cancel  and  the  rotation-generated  counts  of  the  two  gyros  (rep  and  lep  codes)  add. 
Thus  the  sensitivity  of  a  FFL6  Is  twice  that  of  a  conventional  ring  laser. 


The  advantage  of  the  FFLG  Is  that  both  gyros,  sharing  a  coeaton  optical  path  are  statically  biased,  thus 
enabling  the  two  gyros  to  avoid  the  “lock  In"  region.  The  random  walk  error  should  thus  be  avoided  pro¬ 
viding  a  sensor  of  low  noise.  The  test  results  discussed  In  [3.44]  and  [3.51]  are  promising  in  this  re- 


3.5.4  Error  Model  of  the  Ring  liser  gyro 


So  far  we  have  discussed  the  functioning  of  optical  gyros  (OG)  and  sane  error  sources.  An  error  Model  as 
basis  for  calibration  and  compensation  Is  still  pending.  The  situation  for  the  06  Is  In  this  respect  dif¬ 
ferent  as  compared  to  the  mechanical  gyro,  for  which  we  have  found  in  Section  3.2  the  main  contributions 
to  an  error  node!  as  result  of  an  analysis.  With  the  06  the  error  Model  Is  at  the  present  time  primarily 
based  on  experience,  l.e.,  found  empirically,  with  the  exception  of  soate  errors  as  for  Instance  due  to  Ms- 
allgiwent,  scale  factor  nonl Inearl  ties  near  the  lock-in  threshold  (s.  Fig.  3.5.6d)  and  signal  readout. 

Contributions  for  standardizing  the  error  node!,  for  calibration  techniques  and  for  Methods  to  analyse 


contributions  for  standardizing  the  error 
the  results  can  be  found  In  [3.52]  and  [3.53] 


In  suemary  the  RL6  output  signal  In  these  references  Is  written  as  (s.  Eq.  (3.5.8),  (3.5.3)  and  (3.2.45)) 
t 

N  [arc  sec]  •  S  /  (1  +  k)  (Uj  -  o)  dT  (3.5.19) 


S  •  nominal  gyro  scale  factor,  being  In  error  with  the  actual  one  by  k  (s.  Section  3. 2. 2. 6): 


(3.5.20) 


The  scale  factor  error  k  and  the  gyro  bias  again  are  functions  of  a  number  of  external  parameters,  such 
as  temperature,  temperature  gradient,  time,  switch-on  to  switch-on,  and  the  applied  Magnetic  field  which 
are  modelled  for  calibration  In  the  following  way: 


are  modelled  for  calibration  In  the  following  way: 
k  -  k(w,)  +  kT(T  -  T0)  +  g41  AT 

D  *  Df  +  Dt(t)  +  dT(T  -  T0)  +  4T  +  H  ♦  dj  ujj  +  dj  uj  +  Dr 


(3.5.21) 


(3.5.22) 


k(u.)  »  scale  factor  error  as  function  of  Input  rate  u,,  which  may  be  highest  near  the  lock-in 

bias  rate,  s.  Fig.  3.5.6d,  but  samll  compared  to  the  mechanical  gyro 

kT  •  temperature  sensitivity  of  scale  factor 

kAT  «  [icATI  kAT0  K^Sl  »  row  matrix  representing  the  sensitivity  of  the  scale  factor  for  tem¬ 

perature  gradients  in  the  three  axes  1,  0,  S 

jS  »  [ATj  ATq  ATs]t  »  temperature  gradient  vector  along  gyro  axes  I,  0,  S 

Df  -  fixed  RIG  bias 

D*(t)  *  deviation  of  the  bias  as  function  of  time 

dT  »  bias  temperature  sensitivity 

<jAT  .  [dATI  dAT0  dATS]  »  row  matrix  representing  bias  sensitivity  to  temperature  gradients 

in  the  three  axes  I,  0,  S 

gH  •  [dHI  dH0  d^S]  •  row  matrix  representing  bias  sensitivity  to  magnetic  fields  along  the 

three  axes  1,  0,  S 

H  -  [Hj  Hq  Hs]t  «  magnetic  field  vector  along  the  three  axes  I.  0,  S 
dj  s  •  misalignment  drift  coefficients,  s.  Table  3.2.1a,  Row  4 

0rw  «  random  walk  drift. 

The  random  walk  drift  Drw  Is  calculated  from  the  test  results  If  the  moving  average  Is  taken  out  of  the 
raw  data,  the  remaining  noise  Is  Integrated  up  and  the  error  angle  e  Is  divided  by  the  elapsed  time: 

0rY'  •  e/t.  (3.5.23) 

Since  according  to  theory  the  time  dependence  of  the  standard  deviation  o(e)  of  the  error  angle  Is 

o(c)  -x,  rT,  (3.5.24) 


the  standard  deviation  of  the  random  walk  drift  Is 
o(Dr")  ^  1/*T. 

The  assumption  made  In  [3.53]  for  0™  Is: 

0"  -  R®/vT 

with  R®  ■  random  walk  parameter. 


(3.5.25) 


(3.5.26) 


D™  My  be  affected  by  the  dither  Motion  bias  compensation  (s.  Section  3.S.3.2)  because  this  Motion 
causes  sinusoidal  disturbance  torques  about  the  Input  axis  of  the  sensor  and  consequently  during  the  test 
a  corresponding  Motion  of  the  table-mounted  RL6  case.  If  the  compliance  of  the  table  differs  from  zero. 
For  Infinite  compl lance,  l.e.  no  table  restraint  about  Its  drive  axis  uhen  the  table  servo  electronics 
cannot  folloM  the  high  frequency  Motion  spy  longer,  the  table  motion  1$  governed  by: 


♦T.J° 

77 


(3.5.27 


♦  ■  amplitude  of  table  notion 

•  amplitude  of  dither  notion 

•  Moment  of  Inertia  of  RL6  dithering  Zerodur  block 
JT  •  Moment  of  Inertia  of  test  table. 

This  test  table  notion  will  not  be  constant  for  each  dither  period  and  consequently  will  contribute  to 
the  randan  error.  It  Is  called  ‘spillover"  In  [3.53]  and  [3.54],  These  referenceslnclude  an  analysis  and 
test  experiences  of  this  effect. 

The  sampling  tie*  should  be  synchronized  with  the  period  of  the  lock-in  bias  compensation  because  any 
deviation  nay  also  contribute  to  an  error  In  D™  (s.  [3.53]). 

3.5.5  Summary  of  Some  Hardware  Examples 


The  main  data  on  RLG's  available  today  are  listed  In  Table  3.5.1. 


Sperry  Sperry 

SUC-7(3exas)  SLB-1S 


Raytheon 

RB-25 


1 

Perimeter 

OB 

32 

43 

17 

28 

20 

40 

25 

2 

Weight 

kg 

1.9 

3.63 

1.5 

1.5 

2.3 

7.2 

• 

3 

Size 

ca 

15.7x14.7x5.3 

22.9x22.9x7.6 

14x11x8.5 

14x17.7x5 

10.2d1axll.4 

10.2x20.3x27.9 

- 

4 

Materiel 

- 

CEHVIT 

CERVIX 

ZEROOUR 

ZEROOUR 

CERVIX 

CERVIX 

CERVIX 

S 

lock-in  technique 

each. dither 

mech. dither 

mech. dither 

mech. dither 

magn. mirror 

megn.mlrror 

Faraday 

cell 

4  modes 

6 

Number  of  mirror 

- 

3 

3 

4 

4 

3x3 

3 

4 

7 

tkaber  of  anodes/ 
cathodes 

- 

2/1 

1/2 

2/1 

2/1 

2/1  each  exit  2/1 

* 

a 

Power  requirements 

- 

28Vdc/l.lA 

28Vdc/0.6A 

3  Watt 

3  Watt 

0.5x3  Watt 

O.t  Watt 

- 

9 

Maximum  Input 

rate 

dtg/* 

800 

- 

800 

400 

1500 

750 

- 

10 

Blat  stability 
(1  -  10  hr) 

d*g/h 

0.007 

0.01 

0.02 

0.005 

0.2 

0.02 

0.005 

11 

Bias  stability 
(day  to  day) 

dtg/h 

0.01 

0.02 

0.04 

0.01 

O.S 

0.05 

- 

12 

Random  walk 

d«g/irtr 

0.003 

0.005 

0.015 

0.003 

0.05 

0.006 

0.001 

13 

Scale  factor  (s) 

trcstc/pulse 

2.0 

1.57 

3.0 

1.8 

3.2 

1.6 

1.5 

14 

S-Hneerlty 

PP« 

5 

10 

5 

3 

200 

100 

5 

IS 

S-stabll  tty 

PP* 

5 

- 

5 

5 

200 

100 

- 

16 

Bias  taap. 
sensitivity 

deg/h/°C 

0.002 

0.02 

“ 

- 

0.008 

0.002 

0.0004 

Table  3.5.1  Data  for  Some  Ring  Laser  tyros 


3.6  Accelerometers 


In  another  volume  of  this  AGARDograph  [3.55J  the  application  of  accelerometers  to  flight-testing  has 
been  treated.  For  a  better  understanding  of  the  following  chapters  the  basic  principles  of  accelerometer 
measurements  are  briefly  summarized  In  this  section. 

3.6.1  Principle  of  Operation  of  an  Accelerometer 

In  Chapter  2  the  basic  Ideas  of  Inertial  measurements  have  been  described.  From  Eq.  (2.3)  It  could  be 
seen  that  the  "specific  force"  f  to  balance  the  proof  mass  In  an  accelerometer 

f  *  a  -  G 


(3.6.1) 

1 

Is  equal  to  the  sum  a  of  all  forces  accelerating  the  proof  mass  minus  gravitation  G.  The  accelerometer  out¬ 
put  signal  Is  proportional  to  f. 

The  basic  principle  of  construction  of  an  accelerometer  Is  explained  In  Fig.  2.3.  A  proof  mass  Is  suspend 
ed  In  a  case  and  confined  to  a  zero  position  with  the  help  of  a  spring  or  a  rebalance  loop  as  described 
below.  In  general,  damping  1$  added  to  give  the  spring/mass  system  a  proper  dynamic  transfer  function. 
Aircraft  accelerations  act  upon  the  accelerometer  case  and  cause  the  mass  to  react  with  a  displacement  with 
respect  to  the  zero  position  so  that  the  resulting  spring  force  compensates  the  acting  acceleration.  The 
displacement  of  the  mass  with  respect  to  the  case  Is  then  proportional  to  f. 

High-quality  accelerometers  can  be  regarded  as  having  a  second-order  transfer  function.  The  bandwidth 
Is  In  general  much  higher  than  the  acceleration  frequencies  to  be  measured  (s.  Table  3.6.1),  so  that  the 
output  signal  fx  Is  practically  Identical  to  the  Input  specific  force  f  plus  the  accelerometer  errors: 

f*  *  (1  +  tc)(f  +  B)  (3.6.2) 

where  (s.  Table  3.6.1) 

k  «  scale  factor  error,  corresponding  to  that  of  the  single-degree-of-freedom  gyro  discussed  In  section 
3. 2. 2. 6  and 


B  >  accelerometer  error,  consisting,  for  Instance,  of  the  bias,  the  misalignment  of  the  Input  axis  and 
the  cross  coupling  term  discussed  below  [3.56J. 


Given  the  specific  force  f  acting  upon  an  aircraft,  travelling  In  the  earth's  gravitational  field  G(R), 
the  aircraft  Inertial  acceleration 


i 


can  be  computed  using  Eq.  (3.6.1).  This  again  can  be  transformed  Into  a  navigation  coordinate  system  to 
obtain  the  acceleration  with  respect  to  ground: 

by  use  of  Equation  (7.2.4b).  From  this  acceleration  the  velocity  and  position  of  the  aircraft  can  be  compu¬ 
ted  by  Integration,  If  initial  values  of  velocity  and  position  are  known.  How  this  Is  carried  out  in  the 
computer  of  an  Inertial  navigation  system  Is  discussed  In  Chapter  7.  It  is  obvious  frrm  these  considera¬ 
tions  that  the  angular  orientation  of  the  accelerometer  Input  axes  with  respect  to  the  navigation  coordi¬ 
nate  system  must  also  be  known  accurately. 

3.6.2  Restrained  Pendulum  Accelerometer 

The  type  of  accelerometer  that  Is  presently  used  In  most  operational  Inertial  navigation  system  Is  the 
restrained  pendulum  accelerometer.  Fig.  3.6.1  shows  the  principle  of  construction  of  such  a  device.  A  pen¬ 
dulous  mass  Is  suspended  and  restrained  to  a  zero  position  by  a  control  loop  from  the  pickoff  to  the  tor- 
quer,  similar  to  a  gyro  (s.  Fig.  4.2.1a).  Optical, capacitive  or  Inductive  plckoffs  detect  a  deflection  of 
the  pendulum  and  torquers  force  It  back  to  Its  zero  position.  The  torquer  current  1  that  Is  necessary  to 
compensate  an  acceleration  and  to  bring  the  pendulum  back  to  its  null  position  is  then  a  measure  of  the 
specific  force  f. 


prlnc 


Fig.  3.6.2  shows  as  an  example  the  exploded  view  of  the  Sundstrand  Q-FLEX  Accel  mi 
ncTpl 


iter  In  which  the 

es  of  construction  of  Fig.  3.6.1'  are  Implemented.  Flexure  and  proof  mass  are  formed  from  a  single 


blank  of  specially  processed  quartz.  A  slot  Is  cut  In  the  blank  In  such  a  manner  as  to  form  an  annular 
section  and  central  disc  connected  by  a  narrow  bridge.  The  central  disc  serves  as  part  of  the  proof  mass, 
the  bridge  as  a  flexure,  and  the  annular  section  as  the  flexure  support.  The  bridge  section  Is  chemically 
milled  In  order  to  form  the  flexure.  A  portion  of  the  central  disc  is  made  conductive  by  vacuum  vapor- 
depositing  metallic  films  to  provide  electrical  surfaces,  as  required  for  the  capacitance  pickoff.  Conduct¬ 
ing  leads  for  the  pickoff  signals  and  the  torquer  coll  drive  current  are  formed  across  the  flexure  by  simi¬ 
larly  vacuum-vapor-depositing  metallic  films.  Finally,  attaching  the  torquer  colls  onto  the  central  disc 
completes  the  proof  mass,  flexure,  and  flexure  support  sub-assmrt>1y.  This  sub-assembly  is  then  clamped  be¬ 
tween  the  magnet  structures.  The  magnet  structures  hold  the  magnets  In  proper  position  and  keep  the  proof 
eass  assembly  from  moving  [3.57]. 


«..v  v  ^  •TiJi.TTlS.'* 


No. 

Manufacturer 

Model  No. 

Lltef 

B250 

Sundstrand 

Q-FLEX 

QA-1400 

Systron  Dormer 

4852 

1 

Height  [9a] 

85 

80 

<65 

2 

01  teeter  (ml 
(Width) 

26 

26 

25 

3 

Length  [aaa] 

21 

25 

45 

4 

Natural  Frequency  [Hz] 

<800 

S 

Daeplng  Ratio 

0.4-0. 7 

0.5  to  1.6 

6 

Bandwidth  [Hz] 

300 

300 (+5X) 

>  300 

7 

Mtxleue  Input 

Acceleration  [g] 

10 

30 

up  to  400 

8 

Scale  Factor 
(adjustable) 

4.0  nA/g 

1.3  *A/g 

1.0  mA/g 

Scale  Factor  Error 

9 

Linearity 

<3-10’®g  (for  <lg) 

20  pg/g2 

20  ug/g2 

10 

e 

Stability 

500  ppm/yr 

11 

Threshold 

10'6g 

10‘6  g 

10~®g 

12 

Bias  (untrleeed) 

<5<10~3g 

5  10'3  g 

<410_3g 

13 

Day- to- Day  Repeatability 

6.10'Sg 

5-10*5  (benign) 

3  10*5g 

14 

Transverse  Sensitivity  [g-'g] 
(Misalignment) 

1.5-10'4 

10'3  g  (all 

environments) 

2 -10’ 3  7  *30— 3 

(untrlamed) 

Teeperature  Sensitivity 

15 

Bias 

lOug/K 

30  ug/K 

<  lOug/K 

16 

17 

Scale  Factor 

V 1  brat  1  on.Rec 1 1 f 1 ca¬ 
tion  rg/g  1 

20yg/K 

<  180  ppm/K 

5.10i5  (sine) 

<  180ppm/K 

2.0-10"5 

18 

Operating  Temperature  [  °C  ] 

70+5 

-55  to  107 

-55 

19 

Vibration  [g]  RMS 

15 

15  (20  to  2000  Hz) 

20 

Shock  [g] 

50(11*$) 

250  (Sms) 

1500  (0.5  ms) 

21 

Design  Feature 

Taut  Quartz 

Fibre 

Quartz  Flexure 

Floated  Pendulum 
with  Pivot/Jewel 
Bearings 

Table  3.6.1  Date  for  some  Accelerometers 


The  balanced  capacitance  bridge  piekoff  1$  formed  by  the  small  g*ps  between  the  metallized  portion  of 
the  quartz  proof  mass  end  the  fixed  reference  plates  In  the  magnet  structure. 

The  sstall.  precise  gas-filled  gap  between  the  magnet  housings  and  the  proof  Mass  assembly  also  provides 
a  fairly  high  daeplng.  CcMpared  to  fluid-filled  sensors  this  acceleroMtter  has  a  small  phase  shift. 

In  the  Lltef  B250  accelerometer  the  pendulum  consists  of  a  U-shaped  wire  suspended  on  each  side  of  the 
U  by  a  strained  and  metallic  coated  quarts  fibre.  A  magnetic  field  and  the  current  running  through  the 
pendulum  generate  the  forces  required  to  null  the  output  of  the  optical  piekoff. 

In  the  Systran  Donner  4310  accelerometer  the  pendulum  Is  floated  and  supported  by  pivot/jewel  bearings. 

The  pendulum  rotary  axis  is  called  the  output  axis.  The  Input  axis  Is  orthogonal  to  the  output  axis  and 
to  the  pendulum  In  Its  zero  position.  Kith  pendulum  accelerometers  a  so-called  'cross-coupling11  error  or 
'vlbrapendulous  rectification*  exists,  which  Is  similar  to  the  one  discussed  for  the  mechanical  gyros  (s. 
Table  3.1.2b,  Row  4).  Correlated  accelerations  In  the  Input  axis  and  pendulum  axis  cause  this  error,  which 
Is  affected  by  the  stiffness  of  the  servo  loop.  Pendulous  accelerometers  also  exhibit  anlsolnertla  torques, 
just  as  mechanical  gyros  do,  but  produce  no  error  from  this  source  If  the  effective  center  of  mats  Is 
properly  defined. 


Fig.  3.6.1  The  Eystone-MIlson  Pendulum  Accelerometer  In  Principle 


Fig.  3.6.2  The  Sundstrand  Q-FLEX  Penduliaa  Accelerometer,  Exploded  View 
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'  4.  ACCURATE  DIGITAL  READOUT  OF  IMERT1AL  SENSORS 

4.1  Introduction 

In  modem  flight  t«tt  systems  data  handling,  atoraga  and  evaluation  It  mostly  dona  In  a  digital  format. 
With  gyros  and  accelerometers  usad  for  this  purpose,  tha  output  signal  Is  generally  an  analog  signal, 
l  Methods  of  digitizing  thosa  signals  for  tha  two  applications  given  abova  will  ba  discus sad  in  this  chaptar. 

j  If  tha  tansort's  output  It  usad  for  tha  captation  of  Its  tint  Intagral,  as  for  azwpla  In  an  Inartlal 

!  navigation  ays taw,  tha  digitizing  method  should  ba  thoroughly  salactad  so  that  tha  stochastic  at  wall  at 

'  tha  deterministic  arrort  of  tha  Integrator's  output  as  cautad  by  tha  analog  to  digital  convarslon  am 

saallar  than  tha  sansor's  drift.  Different  digitizing  methods  am  discussed  with  respect  to  their  accuracy 
potential. 

Signals  can  ba  digitized  arai  stored  only  at  sampled  Intervals  nT*  (T*  »  stapling  tine  Increment)  and 
not  continuously  Ilka  analog  signals.  This  posts  problrn  If  their  evaluation  refers  to  the  continuous  tine 
history  as  In  the  analysis  of  their  frequency  contents  or  In  tha  coaputatlon  of  their  tine  Intagral . 


Certain  well  known  rules  for  stapling  signals  have  to  ba  observed  for  both  applications.  They  am  sumae- 
rlzad  briefly  In  this  chaptar. 

Tha  following  considerations  only  apply  partially  to  tha  laser  gyro,  whose  output  Is  a  frequency  propor¬ 
tional  to  the  angular  rata  to  ba  neasurtd.  The  specifics  for  this  sensor  will  ba  mentioned  separately. 

4.2  Methods  for  Digitizing  the  Measuramants  of  Inartlal  Sensors 

4.2.1  Tha  Inertial  Sensor  and  the  Rebalance  Loop 

Mechanical  gyros  and  acctleroeaters  and  their  use  as  accurate  sensors  for  angular  rata  and  linear  accele¬ 
ration  am  described  In  Chapter  3.  Fig.  4.2.1a  shows  tha  coeblnad  block  dlagrma  of  the  sensor  plus  rebalan¬ 
ce  loop,  which  we  used  In  Chapter  i  Tor  tne  general  discussion.  The  flight  test  engineer  who  Is  looking 
■ore  deeply  Into  the  sensor's  readout  has  to  subdivide  the  two  blocks,  as  shown  In  Fig.  4.2.1b  for  the 
slngle-degroe-of- freedom  (SOF)  gyro. 

This  sensor  Is  used  as  an  exanple  In  tha  discussion  below.  For  two-degree-of-freedom  (TOF)  gyros  or  ac¬ 
celerometers  with  force  feedback,  a  similar  analysis  can  be  given. 

The  gyro  angular  rate  (Input)  «»  In  Fig.  4.2.1b  creates  a  positive  torque  Mr,  about  the  output  axis  (s. 

Fig.  3.F.2)  causing  a  positive  plcloff  a.tgle  Sq  which  Is  sensed  by  an  Inductive,  capacitive  or  optical 
signal  generator.  In  block  F*9(s)  (deecdulator  and  filter)  this  i:  converted  Into  a  voltage  uc  as  Input 
Into  the  control  network  Ft(i).  The  output  voltage  of  this  network  drives  a  current  1  which  Is  converted 
In  the  torquer  to  a  torque  M*  compensating  the  torque  caused  by  the  Input  signal  and  the  disturbances  Md 
(MA  «  -Mg  -  -H(wj  -  D)).  The  diagram  also  Indicates  some  of  tlie  error  sources  -  the  plckoff  offset  angle 
sen,  the  control  amplifier  offset  voltage  6uc  and  the  offset  current  (1  -  which  may  cause  an  Input  axis 
misalignment  or  bias  of  the  sensor. 

The  torque  M*  for  compensating  tha  Input  signal  Is  related  to  the  current  through  the  torquer  scale  fac¬ 
tor  S*  or  the  cornea nd  rate  scale  factor  S'  (M*  *  $*  1  -  KST  1).  It  is  a  true  signal  of  the  Input  angular 
rate  “i  including  the  drift  rate  0,  provided  tha  loop  gain  1$  high  F(s)  ♦  *.  In  this  case  the  torquer 
current  for  an  SOF  gyro  reads  (s.  Eq.(3.3.18b)): 

i "  31  (“i  -  °)  *  fr  <“i  -  °>-  («.*•»•> 

s  s 

The  corresponding  voltage  u  taken  over  the  precision  resistor  R  Is  converted  Into  an  output  angular  rate 
a*  •  -S  u  using  the  nominal  gyro  scale  factor  S  derived  from  the  nominal  values  of  the  torquer  scale  factor 
S*\  of  the  angular  momentum  H  and  of  the  precision  resistor  R*  which  am  In  error  as  compared  to  the  actual 
parameters: 

« -S*u  *  -S*R1  -  (1  ♦  «)  (wj  -  0)  (4.2.1b) 
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(4.2.2a,b) 


This  Indicates  the  dominant  role  which  the  accuracy  of  the  gyro  scale  factor  S"  has  upon  the  accuracy 

nteo  In 


of  the  Input  signal's  measurement.  Ccements  on  It  am  present 


Section  3.2.2. 6. 


4,2.2  Analoq-to-DIgltal  Conversion  (ADC) 


For  rnedlw  accuracy  requirements  a  commercial  analoo-to-dlgltal  converter  (ADC)  (for  Instance  A9C-1CQ 
with  16  bits.  IS  bits  resolution  and  1  bit  for  s1«v or  the  manufacturer  analog  Devices)  may  be  usad  for 
digitizing  this  signal.  The  corresponding  block  diagram  Including  the  subsequent  sampling  and  scaling  by 
S',  which  comprises  the  gyro  scale  factor  S“  and  the  AOC  scale  factor  uVu,  Is  shown  In  Fig.  4.2.1b.  The  out¬ 
put  signal  *>i  Is  a  whole  number  presentation  of  the  Input  signal  wj  but  contains  ADC  errors  (for  ADC-16Q 
In  the  order  of  20  pom  nonlinearity,  8  Pfm/°C  and  3  ppm/ day),  sensor  arrort  and  noise  due  to  the  limited 
resolution.  Tim  resolution  Is  limited  to  the  least  significant  bit  (LSI):  due  to  roundoff.  Information  of 
LS8/2  may  get  lost.  The  peak  value  of  this  quantization  error  (uncormlated  noise)  Is 

♦  v^/(2 f »  ♦  6 


so 


for  u*  ■  100  °/t  tnd  n  •  16  bits  such  »»  with  the  ABC  MQ.  At  certain  tMMlt  1*  Bm  ABC  H 

read  out  for  further  evaluation. 


4.2.3  Voltooo»to-Froouoncy  Conttrslon  (VFC) 


Tho  voltage  u  Is  Intogrotod.  Each  time  tho  output  voltage  of  tht  tssogrstoi  •  ewrtoto  etowhtoM 

tn  oloctrlc  chorgo  Increment  AQ  of  accurately  known  <rw  It  relee eed  to  rstm  tot  Mto|nto‘t  tot  charm. 

A  voltage  puls*  **  struts  as  output.  In  this  digitizing  proems  to  ladtowatton  tot  to  isitoB  ortor  It  seat 
btcaust  tht  output  pulst  Is  fed  back  to  tht  In  tag  rotor.  Only  WCt  with  toft  kind  of  Swift  toodtoct  will  to 
discussed. 


One  single  VFC  can  handle  only  positive  or  negative  tlftolt  on  iota  it  Is  bleat  with  t  Nila  sham 
the  wax  law  positive  or  negative  input  signals.  Of  ceurse  tot  VC's  com  to  weed  fa  tot  tot  taped  lipah 
of  different  sign.  The  weight  of  the  output  pulses  AP  It  defined  tp  tot  ttototo  hsato  to  ■  1/to  of  tot 
VFC  at  the  waxlwun  input  voltage  u"  which  again  is  related  to  tot  ashhto  Input  angel er  veto  f  Ip  tot 

noeinal  gyro  scale  factor  S  of  Eq.  (4.2.2b): 

AP  -  u*/f**  or  Aep  -  S*  aP  -  af/f*  .  3.6  arc  see.  (4.!.4eJb) 

(The  figure  quoted  Is  valid  for  «"  *  100  °/s  and  f*  ■  1<J0  kHz  as  with  toe  toC  toll  dth.)  tot  twite 
train  Is  fed  to  a  reset  counter  which  sues  It;  Its  contents  are  Spain  treat harrtd  tor  farther  eataettaa 
at  sampling  tines  T*  when  the  counter  Is  set  to  zero  again.  So  the  ewtpwt  of  the  raaet  eeuetor  eap  eerwe 
both 


-  as  angular  Incrwaent  weasureeent 

T*/Tp  „  -  teT*  , 

*  f  «>j  dr  +  c* 


A4*  ♦  £*  •  E 

W»1 


(«.**) 


or  as  wean  angular  rate  neasuronent 


T*  T*i  1 


dt  a  ■  u.  ♦  0. 


(4.2.4) 


This  Information  Is  corrupted  by  noise  «*  or  D  •  c*/T*.  respectively,  first  due  te  sensor  end  VFC  errors 
(in  the  order  of  100  ppw  nonlinearity,  10  ppm/dqy  end  10  pp^*C  with  toe  VFC  Model  454  of  Analog  Devices) 
end  second  due  to  quantization  errors,  l.e.  when  the  counter  Is  read  out.  one  Incrwaent  way  just  have  bean 
ousted. 


The  peak  value  of  the  quantization  error  at  saapltng  Intervals  Is: 
e"  •  a  App  ■  a  ef/fP  «  3.6  are  sec 

cT  •  a  e"/T*  .  a  u*/(T*  f**)  -  360  °/h  (4.2.7a,b) 

for  u*  »  100  °/s,  f**  •  100  kHz  and  T*  •  10  ns.  It  Is  reducod  hy  1/n  If  u>  1$  cowputod  as  the  wean  value  over 
the  tine  t  •  wT1.  * 


In  Section  4.3  wo  will  see  that  this  noise  If  Integrated  does  not  glvo  rise  to  e  rendow  walk  typo 
drift. 


4.2.4  The  Pulse  Rebalance  loop  (PRl) 

A  different  approach  for  accurate  readout  of  Inertial  sensors,  the  so  celled  ‘pulse  rebalance  loop*  or 
‘Incrsmental  caging  loop*.  Is  shown  In  Fig.  4.2.3.  A  quantizer  Is  pieced  Into  the  rebalance  loop  releasing 
e  current  1  of  constant  amplitude  to  flow  through  the  torque  generator  In  positive  or  negative  directions 
for  tho  pulse  time  incrwaent  TP.  The  waxlwuw  Input  angular  rate  Is  thus  defined  hy  the  current  level  1 
flowing  In  ono  direction  only 

«■  -  ST  1  (4.2.6) 

but  reduced  by  the  feet  that  the  current  Is  not  applied  continuously  but  as  a  flow-of  oloctrlc  charges 
AQ  which  need  tlwe  to  reach  toe  waxiaua  level.  The  resulting  torquor  scale  factor  S1  is  thus  reducod  by  e 
certain  Mount,  10  1  for  Instance. 

The  time  Increment  T**  of  one  current  pulse  Is 

-  either  e  constant  tine  increment,  l.e.  positive  or  negative  pulses  of  constant  width  T?  ere  applied  at 
a  frequency  varying  with  the  Input  signal  (‘pulse  frequency  modulation*,  s.  Fig.  4.2.3),  or 

-  a  variable  t1r<  increment,  i.e.  positive  end  negative  pulses  st  a  constant  carrlor  frequency  1/T** 
are  applied,  whereby  the  width  varies  with  toe  Input  rate  (‘pulse  width  modulation*,  s.  Fig.  4.2.3). 

Due  to  the  Inductivity  of  the  torquer  coil  the  frequency  of  both  torqulng  eethods  Is  much  lower  then  the  one 
of  toe  VFC  method  (s.  Section  4.2.3)  unless  capacitive  conponsatlon  Is  provided.  A  coamon  value  Is 


f*  -  l  kfc.  (4.2.9) 


S2 


With  the  pulse  frequency  modulation  each  current  pulse  releases  a  voltage  pulse  aP  for  the  subsequent 
up  down  counter  whose  pulse  weight  is  defined  by 

A4P  -  J"/fp.  (4.2.10) 

The  resolution  of  the  pulse  frequency  modulation  is  thus  limited  to  100  times  the  values  mentioned  for 
the  VFC  digitizing  method  in  Eqs.  (4.2.4)  and  (4.2.7). 

With  pulse  width  modulation  the  width  of  each  pulse  is  measured  with  readout  counting  pulses  of  much 
higher  frequency 

fr  =  1/Tr  =  256/Tp  »  256  (4.2.11) 

(the  figure  is  taken  from  [4.1]),  thus  improving  the  resolution  of  one  pulse  to 

4p  =  u"/fr.  (4.2.12) 

With  the  figure  quoted  above  the  resolution  is  0.4  times  the  values  mentioned  for  the  VFC  digitizing 
method  in  Eqs.  (4.2.4)  and  (4.2.7). 

The  oulse  evaluation  is  the  same  as  mentioned  in  Eqs.  (4.2.5)  and  (4.2.6)  for  the  VFC  digitizing  method. 
Since  "binary  pulse  width  modulation  (BPiffi)"  is  nowadays  the  preferred  method  of  pulse  torquing,  its 
block  diagram  and  its  functioning  are  briefly  described  based  on  Fig.  4,2,4  which  is  taken  from  [4.1]. 

The  quantizer  in  this  figure  contains  3  function  blocks: 

-  the  generator  for  the  pulse  width  signal  including  the  digital  modulation  limiter, 

-  the  synchronization  block  with  switching  bridge  of  high  stability  and 

-  the  current  control  loop  with  reference  voltage  of  high  stability. 

The  sawtooth  voltage  ust,  added  to  the  input  voltage  u1, generates  in  the  comparator  the  rebalance  pulse 
cycle  TP.  It  is  derived  from  a  quartz-controlled  frequency  generator.  The  output  of  the  comparator  is  posi¬ 
tive  or  negative  during  each  cycle  depending  upon  the  sign  of  the  sum  u'  +  us*.  The  electronics  have  to 
inhibit  the  switching  from  positive  to  negative  within  a  minimum  time,  i.e.  within  the  rise-time  of  the 
current  (e.g.  0.1  TP)  as  mentioned  above,  and  have  to  enable  the  switching  at  integer  fractions  of  TP. 

These  functions  are  observed  by  the  digital  modulation  limiter  and  the  synchronization  block. 

Compared  to  the  analog  rebalance  techniques  and  external  digitizing  process,  BPWM  pulse  torquing 
has  the  following  advantages: 

-  the  dissipated  rebalance  energy  within  the  sensor  is  constant, 

-  it  works  only  at  two  points  of  the  torque-current  characteristic  of  the  torquer.and 

-  the  sensor's  output  signal  is  not  subject  to  additions'  error  sources  (ADC  of  VFC  erro.-s). 

Noi. linearities  may  arise  in  BPWM- rebalanced  sensors  from  eddy  currents  varying  with  the  input  signal. 

These  effects  are  minimized  by  observing  certain  rules  in  the  design  of  the  torquer  [4.1], 

Fig.  4.2.5  shows  two  test  results  for  the  stability  of  an  accelerometer  (Litef  B  250)  and  an  SDF  gyro 
(Ferranti  M  2519)  plus  BPWM  rebalance  electronics  designed  at  DFVLR. 

The  accelerometer  readings  were  taken  In  1976  during  a  period  when  earthquakes  in  China  may  have  caused 
movements  in  the  foundation  of  the  laboratory.  The  digital  accelerometer  readout,  compensated  for  these  move¬ 
ments,  has  a  mean  slope  of  =  3  •  10‘®  g/day. 

The  gyro  measurements  were  taken  with  the  axes  In  the  optimal  orientation  (output  axis  up,  s.  Table 
3.2.1a,  Row  2).  The  readings  prove  that  the  stability  of  the  sensor  in  this  position  plus  rebalance  loop 
is  better  than  0.001  °/h. 

The  pulse  rebalance  method  may  be  used  not  only  with  inertial  sensors  but  with  all  sensors  with  compen¬ 
sation  readout  (e.g.  flow  and  pressure  sensors). 

4.3  Stochastic  Errors  of  the  Digitizing  Methods  for  Hyhanical  Inertial  Sensors  and  Comparison  with  the 

Stocnastlc  Errors  of  Laser  Qyros 


The  quality  of  the  output  signal  of  an  Analog-to-DIgital  Converter  (ADC)  on  the  one  hand  and  of  a  Vol¬ 
tage-  to-Frequency  Converter  (VFC)  and  a  Pulse  Rebalance  Loop  (PRL)  on  the  other  hand  Is  quite  different 
as  we  have  seen  in  Sections  4.2.2  to  4.2.4 

-  at  sampling  Intervals  Ts  the  ADC  delivers  a  whole  number  presentation  of  the  input  signal  (angular 
rate  or  acceleration,  s.  Fig.  4.2.1),  and 

-  the  VFC  or  the  PRL  delivers  a  pulse  train  (angle  or  velocity  Increments)  which,  in  connection  with 
a  counter,  is  read  out  and  reset  at  sampling  Intervals  Ts;  these  may  be  Interpreted  as  the  integral 
of  the  Input  signal  or  as  mean  input  signal  during  T*  (s.  Figs.  4.2.2  and  4.2.3  and  Eqs.  (4.2.5)  and 
(4.2.6)). 

For  this  reason  the  quantization  noise  superposed  on  the  useful  signal  is  also  of  different  quality,  and 
has  different  effects  on  a  control  or  navigation  system  when  the  time  integral  is  of  prime  interest. 
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Fig.  4.2,1  reveals  for  the  ADC  that  the  quantization  noise  Is  not  fed  back  In  a  control  loop  and  causes 
an  uncorrelated  noise  In  the  output  signal  wf.  If  this  signal  Is  Integrated  for  computing  an  angle,  as  for 
instance  in  a  strapdown  system,  this  noise  causes  an  error,  namely  a  random  walk  process  with  a  standard 
deviation  growing  with  /t,  even  If  we  assume  that  the  sensor  measures  the  Input  signal  correctly. 

If  we  look,  with  the  same  assumption,  at  the  VFC  and  PRL  digitizing  methods  In  Figs.  4.2.2  and  4.2.3 
we  see  that  the  noise  due  to  the  quantization  process  fed  back  in  a  control  loop.  There  is  noise  super¬ 
posed  on  the  output  signal,  but  if  the  corresponding  angular  increments  (s.  Eq.  (4.2.5) )  are  sunmed  up  for 
the  computation  of  the  time  integral  of  the  output  signal  it  will  not  contain  a  random  walk  error  due  to 
this  quantization  process,  but  only  the  original  uncorrelated  noise. 

The  above  mentioned  assumption  of  an  ideal  sensor  is  certainly  academic.  Errors  and  random  noise  are 
contained  in  all  measuring  processes  as  we  have  seen  in  Chapter  3.  This  section  will  only  give  an  in¬ 
dication  that  with  the  use  of  an  ADC  for  digitizing  gyro  measurements  in  the  laboratory  the  parameters  of 
maximum  input  rate,  resolution  of  the  ADC  and  required  accuracy  of  the  measurement  should  be  matched  pro¬ 
perly.  This  goal  can  hardly  be  achieved  in  an  INS,  precluding  its  use  for  this  purpose. 

We  have  seen  in  Section  3.5  that  the  output  signal  of  a  ring  laser  gyro  (RIG),  rotating  with  respect 
to  inertial  space  above  the  lock-in  rate, is  a  pulse  train,  each  pulse  having  the  dimension  of  an  angle  in¬ 
crement  in  the  order  of  magnitude  of  several  arc  seconds.  In  this  respect  the  RIG  is  comparable  to  a  mecha¬ 
nical  gyro  whose  output  signal  is  digitized  by  a  voltage  to  frequency  converter  (VFC)  or  which  has  a  pulse 
rebalance  loop  (PRL)  as  discussed  in  the  previous  sections. 

For  circumventing  the  lock-in  effect  in  the  RLG,  certain  bias  techniques  have  to  be  provided  (mechani¬ 
cal  dither,  Faraday  cell,  magnetic  mirror)  which  are  of  periodic  nature,  i.e.  lead  the  RLG  periodically 
through  the  lock-in  region.  This  causes  stochastic  errors  per  bias  period  which  are  not  fed  back  into  the 
sensor.  The  RL3  theoretically  is  comparable  in  this  respect  with  the  mechanical  gyro  with  ADC  digitizing 
method  in  which  the  quantization  error  was  not  fed  back  either.  The  resulting  error  in  the  subsequent 
counter  is  the  "random  walk"  drift  discussed  above. 

It  was  also  shown  that  the  ideal  mechanical  gyro  with  VFC  or  PRL  digitizing  methods  does  not  produce 
this  random  walk  error  due  to  quantization  aid  compares  advantageously  with  respect  to  the  RLG.  But  in  ge¬ 
neral  this  advantage  is  only  of  academic  vale®  because  it  is  overshadowed  by  other,  more  severe  random 
errors  of  the  mechanical  gyros  (s.  Tables  3.2.1  and  3.2.2). 

We  have  seen  in  Sections  4.2.2  to  4.2.4  that  the  quantization  noise  of  the  digitized  output  signal  of 
mechanical  sensors  depends  for  all  digitizing  methods  on  the  maximum  input  rate  for  which  the  method  is 
designed.  The  method  of  "range  switching"  is  a  means  to  adapt  the  quantization  noise  to  the  dynamic  environ¬ 
ment  to  which  the  sensor  is  exposed.  With  this  method  the  rebalanced  sensor  is  designed  for  a  low  u>m  with 
low  quantization  noise.  Most  of  the  time  the  sensor  will  work  in  this  mode.  Only  when  this  low  is  ex¬ 
ceeded,  is  the  sensor  plus  readout  switched  automatically  to  a  higher  J*  by  changing  the  measurement  re¬ 
sistor  R  in  the  ADC  or  VFC  or  the  current  level  in  the  PRL  digitizing  methods. 

Range  switching  opens  new  possibilities  in  the  accurate  readout  of  inertial  sensors  but  also  poses  new 
problems.  We  will  not  further  discuss  it  here. 

4.4  Review  of  Rules  for  Sampling  Data 

The  measurements  of  Inertia!  sensors  can  be  t  ken  and  stored  digitally  at  sampled  Intervals  nTs  (Ts  » 
sampling  time  Increment)  only,  using  one  of  the  methoos  described  in  the  previous  sections. 

If  analon-to-digital  conversion  (ADC,  s.  Section  4.2.2)  is  used  and  in  the  process  of  evaluating 
the  sampled  data  the  continuous  time  history  of  the  original  signal  is  of  significance,  as  In  the  analysis 
of  its  frequency  contents  or  In  the  computation  of  its  time  Integral,  certain  well  known  rules  have  to  be 
observed  for  the  preparation  of  the  signal  prior  to  sampling  in  order  to  keep  errors  in  the  low  frequency 
domain  due  to  the  sampling  process  to  a  minimus.  They  shall  be  briefly  siamearized  in  this  section  follow¬ 
ing  the  course  of  [4.2] . 

Voltage  to  frequency  conversion  (VFC,  s.  Section  4.2.3)  and  the  pulse  rebalance  loop  (PRL,  s.  Sec¬ 
tion  4.2.4)  provide  within  the  described  limits  an  exact  Information  of  the  increment  Integral  of  the  mea¬ 
surement  or  the  mean  value  (s.  Eq.  (4.2.5)  and  (4.2.6))  and  the  preparation  of  the  signal  prior  to  sampling 
is  not  necessary. 

In  all  cases  the  data  evaluation  is  limited  in  its  frequency  bandwidth  by  the  sampling  process. 

Due  to  the  sampling  theorem,  the  maximum  frequency  f*  contained  in  the  signal  x(t)  to  be  sampled  may 
only  be  half  the  sampling  frequency 

fm  <_  1/(2TS).  (4.4.1) 

Only  in  that  case  the  original  signal  x(t)  can  be  recovered  from  the  sampled  signal  x(nTs)  using  the 
formula  (s.  [4.2],  Eq.  (3.5.15)). 

x(t)  .  I  x(nTs)  s1n  \IVTS.-"1  .  {4.«.2) 

n— “  r(t/T -n) 

Since  the  evaluation  of  this  formula  Is  Impracticable,  it  is  proposed  in  [4.3]  to  hold  the  sampled  signal 
constant  over  the  sailing  time  and  pass  this  through  a  low-pass  filter  with  a  band-pass  cutoff  frequency 
of  half  the  sampling  frequency. 

Whether  the  signal  to  be  sampled  (at  intervals  Ts,  for  data  evaluation  or  storage)  complies  with  the 


I 
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sampling  theorem  may  best  be  tested  by  using  an  anali. ,  frequency  analyser.  If  It  contains  frequencies 
higher  than  1/(2  T*)  the  sampling  frequency  has  to  be  Increased  or  filters  have  to  be  Implemented.  Prefer¬ 
ably.  these  filters  should  be  placed  on  the  analog  s*de  (e.g.  shock  mounts  or  lag  networks).  I.e.  before 
the  signal  Is  digitized,  because  any  analog-to-dlgltal  conversion  already  contains  some  kind  of  sampling 
at  frequencies  higher  than  1/T*.  The  analog  filter  tailored  to  l/T*  Includes  the  sampling- theorem  observa¬ 
tion  for  the  digitizing  process. 

Shock  mounts  have  a  resonance  frequency  1r  the  order  of  magnitude  of  10  to  2C  Hz,  depending  on  the  weight 
supported.  The  raise  In  aa^lltude  Is  approximately  4  at  the  resonance  frequency.and  the  transmlssiblllty 
Is  below  5  *  for  frequencies  above  35  Hz. 

For  the  analog  presampling  filtering, so-called  Butterworth  filters  [4.3],  [4.4]  are  often  used,  because 
their  transfer  function  Is  not  only  maximally  flat  for  frequencies  below  the  break  frequency  but  also  de¬ 
creases  rapidly  for  higher  frequencies. 

Once  the  sampling  theorem  (4.4.1)  has  been  violated  the  frequency  spectrum  of  the  sampled  signal  Is  con¬ 
taminated  by  the  so-called  "aliasing  error*  [4.2  and  4.3j.  If  a  sine  wave  Is  sampled  at  Integer  fractions 
of  the  period,  for  Instance,  the  aliasing  error  may  have  a  constant  value!  It  Is  Impossible  to  deduct  the 
aliasing  error  from  the  sampled  data. 


The  aliasing  error  not  only  occurs  If  the  Input  signal  Into  the  sampling  device  Is  not  properly  filtered 
for  meeting  the  sampling  theorem, but  may  also  arise  if  the  flight  test  data  are  evaluated  at  a  frequency 
lower  than  recorded.  If  the  presampllng  filtering  was  not  sufficient  for  this  data  evaluation  with  sampling 
Intervals  mTs  (m»l),  the  digital  data  have  to  be  filtered  again.  In  this  procedure  the  additional  filtering 
has  to  be  done  in  a  digital  computer,  for  which  the  following  results  from  [4.5]  may  be  used:  the  analog  func¬ 
tion 


1 

(1+T*s)(l+Tt’s) 


(4.4.3) 


Is  very  well  approximated  digitally  by  the  following  algorithm: 


x(n) 


1  _ 

6TaTb+3(T',+Tb)Ta+(T*)Z 


{(T*)Z  (y(n)  ♦  4y(n-l)  ♦  y(n-2)] 
+[12TaTb  -  4(Ta)2]  x(n-l) 


- [6TaTb  -  3(Ta  +  Tb)T**(T  )2]  x(n-2) > . 


(4.4.4) 


For  a  more  general  review  of  digital  filter  design  see  [4.3J.  The  whole  topic  of  signal  conditioning 
Is  discussed  more  in  detail  in  [4.6]  to  [4.8], 
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5.  GYROS  AS  STABILIZATION  DEV  I CIS 


5.1  Direct  Gyroscopic  Stabilization 

Direct  gyroscopic  stabilization  he*  stimulated  the  minds  of  the  engineers  In  meny  fields  such  *s  stabl- 
Illation  of  monorells,  motorcsrs.  ships  end  most  recently  satellites.  On  ships.  It  has  been  used  since  the 
late  19th  century  [5.11.  Huge  rotors,  weighting  up  to  100  tons  or  more  were  Installed  to  damp  out  rolling 
and  pitching  of  a  vessel.  In  the  Polaris  Submarine,  for  instance,  a  gyro  Is  still  used  In  this  manner. 

He  will  concentrate  In  this  chapter  on  the  direct  stabilization  of  a  vertical  or  heading  reference  which 
will  be  discussed  fro*  the  operational  point  of  view  In  Chapter  6. 


The  gyro  In  a  vertical  and  heading  reference  Is  a  glmballt'1  two-degree -of -freedom  (TDF)  gyro  as  shown  In 
principle  In  Fig.  3.1.1b.  The  gyro  case  is  directly  mounted  to  the  vehicle  and  the  gimbals  have  high  angu¬ 
lar  freedom  about  the  two  axes.  For  measuring  the  glmbal  angle  synchros  or  resolvers  are  generally  used. 

The  angular  freedom  about  one  of  the  glmbal  axes  Is  usually  limited  (approximately  +80  for  the  Inner  axis 
In  Fig.  3.1.1b)  to  prevent  the  so-called  "glmbal  lock*.  I.e.  to  prevent  the  spin  axis  fro*  becoming 
aligned  with  the  outer  glmbal  axis.  See  also  Chapter  6  for  more  details  on  attitude  references. 


In  order  to  measure  roll  and  pitch  angles  with  a  vertical  gyro,  the  gyro  In  Fig.  3.1.1b  Is  mounted  In 
the  aircraft  In  such  a  way  that  the  outer  axis  Is  parallel  to  the  longitudinal  axis  and  the  Inner  axis 
parallel  to  the  lateral  axis  as  Indicated  In  Fjg.  511.  The  aircraft  can  tnen  carry  out  unlimited  roll 
manoeuvres  but  the  pitch  angle  should  not  reach  ♦  9D  degrees. 


For  describing  the  performance  of  a  gyro  used  In  this  manner  as  an  attitude  or  heading  reference  we  use 
Eqs.  (3.4.6)  and  regard: 

6.c-i,  • 

the  angular  rate  vector  0  of  the  glmbal  angles  (9  corresponds  to  the  plckoff  angle  In  Section  3.4)  as  being 
composed  of  the  attitude  or  heading  angular  rate  vector  ♦  of  the  aircraft  (roll,  pitch  *nd  Y4"  ln9uJ*r  . 
rate)  plus  the  misalignment  angular  rate  vector  t  of  thf gyro  s  spin  vector  with  respect  to  the  vertical 
or  true  north. 


Torquer 


So  we  obtain  fro*  Eq.  (3.4.6): 

E  -  A  -  -w1  +  sH§"(s)  J  (w*  ♦  0) 

with  the  transfer  function  of  the  undamped  glmballed  TDF  gyro  from  Eq.  (3.4.5): 


8“(s) 
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(5.1.2) 


(5.1.3) 
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Ihe  input  angular  rate  vector  of  the  gyro  case  is  composed  of  the  angular  rate  j  of  the  aircraft 
with  respect  to  the  reference  cnd~that  of  the  reference  with  respect  to  Inertial  space  («'n). 

With  this  assumption  Eq.  (5.1.2)  becomes: 

l  •  -u1n  ♦  sHg*(s)  |  (u1  ♦  6).  (5 


For  low  Input  frequencies  (s  *0)  we  may  neglect  the  Inertia  term  In  the  gyro  transfer  function,  when  we 
obtain: 

in  .  t 

C_  *  -  M  ♦  M 

This  relationship  shows  that  the  untorqued  gyro  (u*  *  0}  drifts  away  from  the  reference  direction  at 
the  angular  rate  of  the  reference  direction  with  respect  to  Inertial  space  plus  the  drift  rate  D  of  the 
sensor.  On  a  moving  vehicle  the  former  Is  equal  to  the  sum  of  earth  rate  plus  transport  rate  (s.  Eqs. 

2.19  ff. ))  l.e.  of  the  order  of  magnitude  of  15  °/h  ♦  V/R  (V  »  velocity  of  the  vehlclei  R  *  radius  of  the 
earth). 

The  error  angle  is  held  within  certain  limits  if  control  loops  from  sensors  which  measure  the  misalign¬ 
ment  t  are  implemented  to  the  gyro  torquers.  Following  the  discussion  of  the  caging  loop  of  a  TDF  gyro  in 
Chapter  3.4.4  we  write  (s.  Eq.  (3.4.20)): 

H  I  *  -  E(s)  (c  +  «t)  (5.1.7) 


(5.1.5) 

(5.1.6) 


where  6c  is  the  sensor  error.  In  the  case  of  a  vertical  gyro  the  c-sensors  for  the  two  axes  are,  for  example, 
bubble~Teveis  or  accelerometers  and  6c  Is  the  error  due  to  sensor  bias  or  horizontal  acceleration.  The 
cross  axis  component  of  the  control  loop  is  used  to  compensate  the  input  angular  rate  and,  assuming  its 
gain  to  be 


E(s)  - 


0 

-K 


(5.1.8) 


we  obtain  from  Eqs.  (5.1,4)  and  (5.1.7): 

L  -  Eg(s)'1  ♦  ffs)]'1  fjrur1  0  -  £(s)  ill  (b.l.sa.b) 

■  mz  ♦$)-««  • 

As  compared  to  the  caging  loop  of  a  TDF  gyro  the  gain  K  o*  the  control  loop  or  the  Inverse  of  the  sen¬ 
sor's  time  constant  are  much  smaller 


T  H  ,  4 

T  *  -  *  1  min 


(5.1.10) 


because  the  stabilization  gyro  serves  as  a  mechanical  low-pass  filter,  similar  to  an  Inert  mass  but  with 
the  advantage  of 

-  much  lower  weight ,  and 

-  reacting  to  conaand  torques  with  an  angular  rate  and  not  with  an  angular  acceleration. 

For  the  low  Input  frequencies  the  performance  of  the  gyro,  in  holding  the  r-rerence  direction,  is  limited 

by: 

e  *  T  (-J"  +  Oj  -  6c.  (5.1.11) 

l.e.  It  is  limited  by  the  sensor  errors,  the  drift  and  the  non-compensated  earth  rate  plus  transport  rate. 
The  non-compensated  earth  rate  causes  a  constant  error  angle  of 


c  «  15  arc  min 


(5.1.12) 


If  T  *  1  min.  From  this  point  of  view  a  lower  time  constant,  l.e.  a  higher  gain  of  the  control  loop  Is 
desli-able.  But  this  would  decrease  the  low  pass  filter  effectiveness  of  the  gyro  and  make  It  more  sensitive 
to  accelerations. 

For.the  high-frequency  response  of  the  gyro  we  may  assMr  that  the  control  loos  Is  open  (F(s)  -  0)  and 
that  w1"  •  0,  when  Eq.  (u.l.9a)  reduces  to 

t  •§■(*)  1  0  *  J  fi(s)  (5.1.13) 

For  a  step  function  In  the  disturbance  torque  about  the  1-axls  the  gyro  will  respond  with  the  undamped 
nutation  and  the  precession  as  shown  In  Fig.  3.4.2. 

Nutation  m«y  be  annoying  In  the  undamped  stabilizing  TDF  gyro  especially  shortly  after  power  switch-on 
and  switch-off  when  the  spin  rate  Is  not  yet  high  enough  and  the  nutation  frequency 
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u  *  "  (5.1.14) 

(s.(Eq.  3.4.8)  with  n  »  spin  rate,  I  *  moment  of  Inertia  of  rotor  about  spin  axis,  Jj  g  *  moments  of  Iner- 
tla  of  rotor  plus  glmbal  about  transverst  1,  0-axls)  Is  low  so  that  the  amplitude  of  the  oscillation  may 
be  correspondingly  high  (s.  Eq.  (3.4.10)).  To  prevent  nutation  during  turn-on  and  turn-off,  special  brakes 
may  be  Installed  in  the  gyro.  For  in-flight  operation,  electrical  damping  for  the  nutation  frequency  Is 
not  feasible  because  it  would  degrade  the  actual  task  of  the  gyro  -  the  storage  of  reference  direction. 
According  to  [5-2]  "Inertial  dampers"  (simple  spring-mass-dashpot  combination  attached  to  the  glmbal)  are 
the  only  means  to  suppress  this  oscillation  If  required. 

Eq.  (5.1.14)  also  shows  us  that  the  gimbals  of  the  stabilizing  gyro  should  not  be  too  heavy  because 

they  would  lower  the  nutation  frequency.  Because  of  this  one  also  will  hardly  find  a  platform  with  di¬ 

rect  gyroscopic  stabilization.  The  attitude  and  heeding  reference  system  (AHRS)  model  SVP  820  discussed  In 
Section  6.3  and  shown  In  Fig.  6.3.3  may  serve  as  an  example.  The  VG  In  this  system  has  direct  stabilization 

but  is  decoupled  from  the  platform.  The  platform  follows  the  VG  In  the  low  frequency  range  by  means  of  a 

servo  loop  between  the  VG  plckoffs  and  the  platform  torquers,  thus  preventing  the  lowering  of  the  nutation 
frequency  Into  an  undesirable  range. 

In  a  gyro  with  direct  stabilization  the  uncertainty  torques, and  consequently  the  drifts  due  to  mass  un¬ 
balance  of  the  rotor  and  glmbal  set  and  due  to  friction  In  the  glmbal  bearings, Increase  with  their  weight. 
This  Is  another  reason  why  only  separate  VG's  and  DG's  have  direct  stabilisation.  For  lowering  the  effect 
of  friction  the  glmbal  bearings  are  designed  as  "rotorace"-bear1ngs,  i.e.  as  ball  bearings  In  which  the 
outer  ring  is  rotated  In  an  alternating  sense.  In  the  next  sections  we  will  discuss  the  servo  loop  stabi¬ 
lization  which  Is  superior  to  direct  stabilization  in  many  respects. 

5.2  Gyroscopic  Stabilization  by  Means  of  Servo-Loops 

Gyroscopic  stabilization  of  a  platform  by  means  of  servo  loops  from  the  gyro  plckoffs  to  the  glmbal 
servo  motors  Is  always  applied  when 

-  high  stabilization  accuracies  are  required,  or 

-  large  masses  have  to  be  stabilized. 

Combined  vertical  and  directional  gyroscopic  packages  (VG/DG  packages)  and  platforms  of  Inertial  navi¬ 
gation  systems  are  stabilized  In  this  way.  Since  the  layout  of  stabilization  loops  and  the  dynamics  of  the 
closed  loop  system  differ  for  slngle-degree-of  freedom  (SDF)  or  two-degree-of-freedom  (TDF)  gyros,  we  will 
discuss  them  separately. 

5.2,1  Servo-loop  Stabilization  of  a  Platform  Using  Single-Degree-of-Freedom  Gyros 

Fig.  5.2.1  shows  the  principle  of  the  platform  using  SDF  gyros.  The  sensor  is  mounted  on  this  single 
axis  platform,  with  its  Input  axis  parallel  to  the  axis  to  be  stabilized.  The  output  axis  of  the  gyro  Is 
orthogonal  to  it.  The  control  loop  Is  Implemented  from  the  gyro  plckoff  (PO)  to  the  servo  motor  (SN)  of  the 
platform  via  the  network  F(s). 
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Fig.  5.2.1  Platform  Stabilization  by  Naans  of  a  S 1  ngle- Degree- of -Freedtxa  Gyro 


92 


Comparing  the  open-loop  SDf  gyro/platform  assembly  in  this  figure  with  the  gimballed  two-degree-of-f ree- 
dax-gyro  in  fig.  3.1.1b,  we  immediately  see  the  c.-nonality  end  we  are  allowed  to  use  the  performance  equa¬ 
tion  (3.4.2)  for  discussing  the  dynamics  of  the  stabilized  single  axis  platform  (SAP).  In  Eq,  (3.4.2)  we 
recognize  in  the  lower  row  all  the  terms  of-  the  rate  integrating  gyro  (RIG)  performance  equation  (3.3.11); 
the  other  terms  describe  the  dynamics  of  the  platform  about  the  input  axis  and  the  reaction  torque  Hpo0  of 
the  SDF  gyro  in  this  axis.  Before  using  Eq.  (3.4.2)  we  will  Introduce  a  rew  assumptions  and  minor  changes 
in  the  notation. 

In  case  of  the  TOF  gyro, 6  was  the  rate  of  the  pickoff  angle  with  respect  to  the  case  and  J  the  angular 
rate  of  the  gyro  case  with  respect  to  inertial  space.  With  the  SAP,  J  is  the  motion  of  the  base  with  re¬ 
spect  to  inertial  space, which  only  affects  the  SAP  dynamics  through  The  friction  in  the  gimbal  bearings  if 
the  motion  about  the  0-axis  is  assumed  to  be  lero.  The  friction  torque  can  be  included  in  the  disturbance 
torque  RN/H  which  also  contains  unbalance  torques  and  other  effects  acting  on  the  platform  about  the  1-axis 
and  replaces  the  drift  On  in  Eq.  (3.4.2).  This  allows  us  to  discard  the  w’-tene  in  this  component  and  re¬ 
gard  0j  as  the  motion  wjP  of  the  platform  with  respect  to  inertial  space. 

It  is  obvious  that  we  have  to  Introduce  in  Eq.  (3.4.2)  the  moment  of  inertia  jf  of  the  platform  plus 
gyro  about  the  I-axis  and  also  the  viscous  torque  coefficient  CP  of  the  gimbal  bearings. 

The  servo  loop  is  taken  into  account  by  means  of  the  relationship  in  the  Laplace  domain  (marked  with  ): 


aj  s  M*/H  .  -  F(s)  60. 


(5.2.1) 


So  we  find  as  performance  equation  of  the  single  axis  platform  stabilised  by  a  sinqlt-deqree-of-freedom 

gyro: 


i  (JP  5  +  Cp)  s  ♦  F(s) 

[*iPi 

1 

B 

l-l  H<J0S  +  C>S. 

(5.2.2) 


The  open  loop  SAP  (F(s)  «  0)  with  zero  damping  (Cp  ■  C  ■  0)  will  react  to  a  step  function  In  the  input 
conmend  rate  in  the  same  way  as  the  TOF  gyro  shown  in  Fig.  3.4.2,  i.e.  with  a  precession  and  superimposed 
nutation.  The  natural  frequency  and  the  damping  ratio  for  the  damped  nutation  oscillation  of  the  SAP 


W" 

C  J j  ♦  cp  J0 


(5.2.3a  ,b) 


differ  from  the  ones  for  the  TOF  gyro  in  Eqs.  (3.4.8a,b)  only  in  the  inertia  term  Jp  and  the  viscous  damp¬ 
ing  coefficients  Cp  of  the  gimbal  bearings.  Assiaaing  Jj  •  50  Jg,  the  nutation  frequency  of  the  SAP  will  be 
lowered  by  the  factor  1/7  as  compared  to  a  TOF  gyro  for  which  we  assime  the  same  moments  of  inertia  and 
spin  rate  as  the  SOF  gyro  mounted  on  the  SAP.  For  a  rate  integrating  gyro  with  C  >  CP  the  damping  ratio 
will  be  Increased  by  the  factor  7.  The  damping  ratio  will  be  very  small  for  a  double  integrating  gyro  prov¬ 
ing  that  the  layout  of  the  corresponding  servo  loop  requires  more  attention  as  with  the  rate  integrating 
gyro  (s.  [5.31,  Chapter  5.5).  (We  will  see  in  the  next  section  that  the  layout  of  the  servo  loop  of  a  plat¬ 
form  stabilized  by  a  TOF  is  fairly  decoupled  from  the  interior  dynamics  of  the  sensor.) 


In  the  layout  of  the  servo  loop  the  closed  loop  compliance  of  the  SAP 
( Jn  s  ♦  C)  Md  c  fi** 

i, _ _ _ 2 - 5 - 5 -  -  -  (5.2.4) 

jg  J,  s3  ♦  (CJ^  ♦  CPJQ)SZ  ♦  (n  ♦  CPC)S  ♦  H  F(s)  S  -o  «  F(o) 

(with  a.  «  Jw.  dt  •  Input  angle)  or  the  Inverse  of  the  compliance,  the  "torque  stiffness",  plays  the  domi¬ 
nant  rote  and  [5.3  and  5.4]  discuss  it  more  in  detail. 

For  low  frequencies  the  compliance  tends  to  zero  if  an  integrating  network  is  Implemented  (F(o)  -  -). 

The  compliance  also  tends  to  zero  for  high  fmouencies  (s-»«)  *d*en  the  inertias  of  the  platform  and  gyro 
help  to  counteract  the  disturbance  torque.  But  th<s  is  so  only  as  a  first  approximation,  since  angular 
vibrations  of  the  platform  may  excite  constant  drift  terms  in  the  gyro  corresponding  to  the  ones  listed 
in  Table  3.2.1b  for  strepdown  gyros.  They  are  nonlinear  and  could  not  be  Included  in  this  analysis.  They 
confirm  the  statement  given  in  [5.3],  Chapter  3.2  that  the  amplitudes  of  the  angular  vibrations  in  high 
quality  platforms  should  be  below  a  few  seconds  of  arc  over  the  whole  frequency  range. 

The  two  relationships  In  Eq.  (5.2.2)  become  decoupled 

-  In  the  low  frequency  range  of  the  command  rate  ut  and  the  drift  Dj  acting  on  the  gyro  in  inertial  navi 
gatlon  systems  (In  this  case  se^* 0),  or 

-  if  the  servo  loop  stiffness  F(s)  is  assumed  very  high  (in  this  case  9g-*0  according  to  Eq.  (5.2.1)). 


In  both  cases  we  obtain  from  Eqs.  (5.2.1)  and  (5.2.2): 


9JI 


Hu$  •  H,s  ■  -  Mp  ♦  *\p  ♦  Cp  yjp.  (5.2.5a,b) 

These  ere  Important  relations  from  which  we  can  deduce  the  following  properties  of  the  SAP: 

a)  For  the  stabilization  of  platforms  one  can,  In  principle,  use  rate  gyros  as  well  as  Integrating  gyros 
or  double  Integrating  gyros  (s.  Eqs.  (3.3.8  and  13)  for  e0  *  0).  The  former  are  disadvantageous,  how¬ 
ever,  as  their  accuracy  Is  limited  (s.  Section  3,3.2)  and,  in  addition,  errors  In  the  plckoff  cause  a 
platform  drift. 

b)  A  constant  coamtand  torque  Mq/H  ■  -uj  about  the  gyro's  output  axis  causes  a  constant  angular  rate  of 
the  platform  about  the  gyro's  input  axis  (s.  Eq.  (5.2.5al). 

If  for  Instance  in  Figure  5.2.1  we  attach  a  small  lead  weight  to  one  side  of  the  global,  the  plat¬ 
form  starts  turning  about  Its  vertical  axis  with  respect  to  the  Inertial  frame,  as  It  was  also  shown 
In  Figure  3.2.2  for  the  free  gyro.  The  same  is  valid  for  applying  a  constant  voltage  to  the  torquer. 

c)  The  drift-generating  disturbance  torques  Hq/H  ■  -  D]  cause  a  drift  of  the  platform  about  the  input 
axis  (s.  Eq.  (5.2.5a)). 

d)  Disturbance  torques  on  the  platform  due  to  imperfect  balancing  or  to  friction  torques  In  the  platform 
bearings  when  the  vehicle  Is  rotating  are  compensated  In  the  servo  motor,  l.e.  the  platform  Is  In¬ 
sensitive  to  exterloi  disturbances  (s.  Eq.  (5. 2.5b)). 

One  will,  of  course,  balance  the  platform  as  perfectly  as  possible  and  keep  It  free  from  friction  in 
order  to  be  able  to  keep  the  servo  motors  small  and  to  avoid  unnecessary  consumption  of  energy. 

Summing  up.  It  car.  be  stated  that  the  servo-loop  stabilized  platform  is  comparable  with  a  free  gyro 
whose  gimbals  and  gimbal  bearings  do  not  transmit  any  disturbing  moments  on  to  the  rotor.  In  this  respect 
It  Is  by  far  superior  to  the  direct  gyroscopic  stabilization  discussed  In  the  previous  section.  It  Is  also 
superior  from  the  viewpoint  of  dynamics,  since  the  nutation  frequency  which  Is  problematic  with  the  direct 
gyroscopic  stabilization  of  a  platform  (s.  Section  5.1)  does  not  pose  a  problem  with  servo-loop  stabiliza¬ 
tion.  Damping  Is  achieved  by  the  sensor's  viscosity  (rate  Integrating  gyro)  and  the  layout  of  the  servo- 
loop. 

The  above  mentioned  properties  hold  In  principle  also  for  the  servo-loop  stabilization  of  a  platform 
about  more  than  one  axis  by  means  of  SDF  gyros  or  two-degree-of-freedom  (TDF)  gyros.  This  will  be  described 
In  the  next  sections. 

5.2.2  Servo-loop  Stabilization  of  a  Platform  Using  Two-Degree -of -Freedom  Gyros 

Stabilizing  a  platform  by  means  of  a  two-degree-of-freedom  gyro  (TDf  gyro)  Is,  as  a  matter  of  principle, 
considerably  easier  than  by  means  of  a  slngle-degree-of-freedom  gyro  (SDF  gyro). 

Only  one  sensor  Is  required  for  the  stabilization  of  two  axes, as  shown  In  Fig.  5,2.2.  The  axes  to  be 
stabilized  and  the  plckoff  axas  are  parallel  to  each  other  and  not  perpendicular  as  was  the  case  with 
the  SDF  gyro  In  Fig.  5.2.1. 


t 


Fig.  5.2.2  Platform  Stabilization  by  Means  of  a  Two-Degree-of-Freedem  Uyro 
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Bases  for  the  discussion  of  the  dynamics  of  a  platform  stabilized  in  this  manner  are  the  performance 
equations  (3.4.6a  and  14a)  of  the  glmballed  and  floated  TDF  gyro,  the  free-rotor  gyro  (FRG)  and  the  dyna¬ 
mically  tuned  gyro  (OTG).  If  5(s)  is  the  true  gyro  transfer  function  including  damped  nutation  for  the 
floated  TDF  gyro  (s.  Eq.  (3.4,4))  and  including  the  additional  coupling  drift  rates  of  the  FRG  and  DTG, 
etc.  (s,  Eq.  (3.4.12))  and  9"(s)  includes  only  the  undamped  nutation  (s.  Eq.  (3.4.5)),  then: 

o  ■  jj(i)  ^“(s)'1  a.1  +  Hj  ♦  0)1.  (5.2.6) 


The  moments  acting  on  the  platform  are  described  by: 


Mp  •  Ms  ♦  Md  •  (/  s  ♦  Jp)  a1 , 


(5.2.7) 


where  we  have  Included  in  M°  all  disturbance  torques  sctUg  on  the  platform  due  to  friction  in  the  gimbal 
bearings,  unbalance  of  the~platform,  etc.;  the  torque  supplied  by  the  servo  motor  In  the  closed  servo- 
loop  Is  (s.  Fig.  5.2.2) 


H  -  -[(5)0’  - 


F,(*) 


1°  r0(O,  Ioq 

the  moment  of  Inertia  tensor  of  the  platform  is 
0 


(5.2.8) 


Jp  * 
and  finally 
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op,  . 


“i  • 


(5.2.9) 


(5.2.10) 


is  the  viscous  damping  tensor  of  the  gimbal  bearings. 

We  will  carry  out  the  following  discussion  making  some  simplifications.  With  proper  design  of  the  servo 
loop  the  pickoff  angle  in  Eq.  (5.2.8)  will  be  keot  very  low  (<  1  arc  sec),  so  that  Eq.  (5.2.6)  reduces  to 
the  performance  equation  of  the  platform  stabilized  by  the  floated  TDF  gyro,  the  FRG  and  OTG: 

a’  -  sH§"(s)  j  («*  +  D)  »  u*  +  0.  (5. 2. 11a, b) 

The  approximation  In  Eq.  (5.2.11b)  Is  valid  for  low  frequencies  and  a  high  gain  network  (F(0)  -►  -  1), 
when  the  platform  follows  the  command  rates  w*  applied  to  the  gyros  and  the  drift  rates  D.  Tf>e  servo  motor 
torques  will  then  counteract  the  disturbance  torques  IP  applied  to  the  platform  (s.  Eq.  (5.2.7)  for 
u1  «  0).^h1s  corresponds  to  the  single  axis  platform  (SW>)  discussed  in  Section  5.2.1,and  all  comments 
given  there  apply  also  here. 


The  high  frequency  performance  equation  (5. 2. 11a)  depends  on  the  transfer  function  of  the  undamped  TDF 
gyro  <j“(s)  (s.  Eq.  (3.4.5))  and  not  on  the  original  transfer  functions  G(s)  in  Eqs.  (3.4.4  and  3.4.12), 
which  is  surprising.  If  one  could  accept  this  result  without  scepticism  it  would  indicate  that  the  plat¬ 
form  stabilized  by  the  floated  TDF  gyro,  the  FRG  or  DTG  would  respond  to  a  step  function  In  w.for  instance, 
with  the  undamped  nutation  frequency  of  the  TDF  gyro  as  shown  in  Fig.  3.4.2.  This  is  a  result  of  our  assimp- 
tlon  that  the  servo  loop  will  not  allow  any  relative  motion  between  gyro  float  and  case  (e  ■*  0)  so  that 
the  viscous  damping  of  the  floated  TDF  gyro  and  the  coupling  drift  terms  in  the  FRG  and  DTE  remain  zero. 

This  interpretation  is  certainly  academic  since  the  platform  cannot  follow  the  nutation  frequency 
of  several  100  Hz.  Once  stimulated  the  gyro  float  will  carry  out  the  damped  nutation  frequency  uncoupled 
from  the  platform  and  e  r*  0. 


But  Eq.  (5.2.11a)  is  of  practical  use  in  the  low  frequency  range  as  its  Independence  from  the  FRG  trans¬ 
fer  function  G(s)  in  Eq.  (3.4.12)  indicates  that  the  coupling  drift  of  the  FRG  discussed  in  Eq.  (3.4.11  to 
17)  including  the  detuning  drift  of  the  DTG  discussed  in  Eq.  (3.4.33  to  36)  remain  Insignificant. 

But  let  us  again  remember  that  we  arrived  at  this  result  by  assuming  that  for  low  frequencies  (s  -»  0) 
the  servo-loop  gain  and  consequently  the  torque  stiffness  of  the  platform  are  very  high  (F(s)  *  -  or 
K®/*  “,  s.  Eq.  (5.2.4)).  If  this  Is  not  the  case,  any  constant  disturbance  torque  will  cause  a  con¬ 

stant  pickoff  angle  and  consequently  a  drift  of  the  platform  due  to  coupling  and  detuning. 


The  “torque  stiffness"  (or  its  inverse,  the  compliance  of  the  platform  In  the  high  frequency  range) 
may  be  derived  frem  Eqs.  (5.2.6)  to  (5.2.10).  We  may  assim  for  the  moment  •  D  •  0  and  6(s)  =■  G“(s) 
Eqs.  (3.4.4),  (3.4.12)  ana  (3.4.5))when  we  obtain  from  Eq.  (5.2.6):  “ 


(*• 


(5.2.12) 


with  ♦  *  angular  displacement  of  the  platform  with  respect  to  inertial  space.  Introducing  this  Into  Eqs. 
(5.2.5)  and  (5.2.7)  we  arrive  at  the  following  compliance  of  the  platform  In  the  high  frequency  range  sta¬ 
bilized  ay  TDF  gyros: 


i 


i 
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|  -  [^Ps2  +  gps  +  F(s)]'1  Md  (5.2.13) 

which  for  a  constant  transfer  function  F(s)  of  the  servo-loop  describes  the  oscillation  of  a  spring-mass- 
dashpot-system.  It  tends  to  zero  for  very  high  frequencies  when  the  platform  Inertia  counteracts  the  dis¬ 
turbance  torque.  As  distinguished  from  the  compliance  In  Eq.  (5.2.4)  of  the  platform  stabilized  by  a 
single-degree-of-freedom  gyro,  the  compliance  of  the  platform  stabilized  by  TDF  gyros  Is  Independent  of  the 
characteristics  of  the  sensor. 

The  assumption  that  D_  «  0  in  the  high  frequency  range  Is  not  quite  realistic,  since  we  know  from  Table 
3.2.2b  that  all  TDF  gyros  are  sensitive  to  angular  vibrations  in  a  similar  way  to  SDF  gyros.  The  DTG  Is  espe¬ 
cially  sensitive  to  angular  vibrations  at  twice  the  spin  frequency  (s.  Section  3.4.5)  and  special  filters 
(e.g.  comb  filters)  are  implemented  In  the  servo-loop  to  prevent  these  frequencies  from  oenetratinq  from 
the  gyro  pickoff  to  the  servo  motor  and  causing  a  rectified  drift  of  the  gyro  and  platform.  As  already 
mentioned  in  Section  3.4.5  mechanical  cross-talk  between  the  gyros  cannot  be  prevented.  Those  effects  are 
nonlinear  and  could  not  be  included  in  this  analysis. 

5.3  Three-Gimbal  Platforms  (TGP) 

For  a  platform  to  stay  "base-motion  isolated",  i.e.  decoupled  from  the  angular  motion  of  a  ve¬ 
hicle  about  all  three  axes, It  must  be  mounted  in  a  set  of  at  least  three  gimbals  as  shown  In  Fig.  5.3.1 
and  must  be  equipped  with  three  single-degree-of-freedom  (SDF)  or  two  two-degree-of-freedom  (TDF)  gyros, 
plus  servo-loops  from  the  gyro  pickoffs  to  the  servo  motors  on  the  gimbals. 
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Yaw  Axis 


NA,  EA,  VA  -  North,  East,  Vertical 
Accelerometer 

NG,  EG,  VG  -  North,  East,  Vertical 
Gyro 

RR,  PR ,  YR  -  Roll,  Pitch,  Yaw  Resolver 


SM 

-  Glmbal  Servo 

P 

-  Platform 

OG 

-  Outer  Gimbal 

IG 

-  Inner  Gimbal 

Fig.  5.3.1  Schematic  View  of  Three-Gimbal  Platform  (TGP) 

In  Fig.  5.3.1  the  three  SDF  gyros  are  denoted  as  north-,  east-  and  azimuth  gyro  (NG,  EG,  AG).  An  important 
step  in  the  design  of  the  platform  and  Its  servo-loop  is  again  to  verify  the  performance  equation  as  de¬ 
rived  in  the  former  two  sections  for  the  single  axis  and  two  axes  platforms: 

Jp  .  u*  +  D  (5.3.1) 

with  the  only  difference  that  the  angular  rate  vector  w1p  of  the  platform  with  respect  to  inertial  space, 
the  slewing  rate  vector  ut  applied  to  the  gyros'  torquer  and  the  gyros's  drift  rate  vector  D  have  three 
components,  for  instance  in  the  north,  east  and  down  directions.  The  gyro  stabilized  TGP  wiTl  then  behave 
like  a  free  gyro  about  all  three  axes,  I.e.  the  noh-slewed  and  driftless  TGP  will  keep  Its  orientation 
to  Inertial  space  (w’P  »  u’e  +  uop  »  o).  On  the  rotating  earth  It  will  move  with  respect  to  the  ground  In 
a  24h-mode  in  a  sense  opposite^)  earth  rate  ule  as  indicated  in  Fig.  5.3.2. 

The  generation  of  the  slewing  rate  w*  for  using  the  TGP  in  an  Inertial  navigation  system  will  be  subject 
of  Chapter  7. 

The  drift  rates  are  discussed  in  Sections  3.3  and  3.4  and  some  error  terms  are  listed  In  Tables  3.2.1a,b 
and  3.2.2a,b,  where  Table  3.2.1a  and  3.2.2a  contain  all  the  terms  under  the  assinptlon  that  the  engineers 
who  designed  the  platform  and  Its  servo-loops  have  met  the  requirement  mentioned  In  Section  5.2.1,  I.e. 
that  the  vibratory  angular  amplitudes  of  the  operating  platform  are  below  a  few  seconds  of  arc.  The  error 
terms  in  Tables  3.2.1b  and  3.2.2b  may  serve  as  an  expedient  to  verify  these  requirements. 

We  will  discuss  In  this  section  some  of  the  problems  the  control  engineer  faces  before  he  reaches  the 
goal  mentioned  in  Eq.  (5.3.1). 
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Fig.  5.3.2  The  Free  Gyro  on  the  Rotating  Earth 

For  moderate  pitch  angles  of  the  aircraft  (theoretically  <  +  90°,  in  practice  <  +  60°  to  70°,  s.  [5.4] 
and  [5.5])  only  three  gimbals  are  required  for  the  stabilization  of  a  platform,  as  shown  in  Fig.  5.3.1, 
where  the  sequence  of  the  gimbals  is  such  that  the  angular  freedom  (yaw  angle  +)  between  platform  and 
inner  gimbal  is  along  the  down  or  vertical  axis  of  the  aircraft,  the  angular  freedom  (pitch  angle  e)  be¬ 
tween  the  inner  and  outer  gimbals  is  along  the  lateral  axis  and  the  angular  freedom  (roll  angle  ♦)  between 
the  outer  gimbal  and  aircraft  is  along  the  longitudinal  axis  of  the  aircraft.  This  enables  the  synchros 
mounted  on  the  gimbal  axes  to  indicate  yaw,  roll  and  pitch  angles  (*,  ♦,  e)  of  the  aircraft.  Other  gimbal 
sequences  are  also  possible,  but  in  these  cases  the  gimbal  synchros  do  not  directly  Indicate  the  generally 
used  attitude  and  heading  angles  and  the  angle  limitation  is  in  another  axis. 

The  control  loops  for  platform  stabilization  discussed  in  the  previous  sections  were  derived  for  the 
torque  vector  M*  in  the  platform  coordinate  system  with  the  components  Mj}  ^  D  for  the  north,  east  and  down 

oriented  platform.  Since  the  gimbal  servo  motor  torque  vector  with  the  components  Mjj  p  D  along  the  roll 

axis,  the  pitch  and  down  axis  moves  with  respect  to  the  platform  when  the  aircraft  is  maneouvering,  a  co¬ 
ordinate  transformation  is  'equired  before  the  torque  commands  are  applied  to  each  servo  motor.  For  the 
sequence  of  gimbals  mentioned  above  we  obtain  the  following  dependence  of  the  servo  motor  torques  on  the 
platform  torques  when  the  aircraft  is  maneouvering: 
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(5.3.2) 


The  platform  torques  on  the  right  hand  side  must  be  related  to  the  gyro  pickoff  angles  in  the  followinq 
way  (s.  Eqs.  (5.2.1)  and  (5.2.8)). 


*5 


-F(s)  9  -  -F(s)  I  9, 


(5.3.3a,b) 


where  Eq.  (5.3.3b)  is  valid  for  equal  servo  loop  transfer  functions  in  all  three  axes.  He  Introduce  this 
into  Eq.  (5.3.2) 


‘  F(s)  Ssp  9  (5.3.4) 

and  have  now  a  basis  for  connecting  the  pickoff  angles  ©with  the  electronic  networks  F(s)  and  the  servo 
motors  as  can  be  seen  on  the  left  side  of  Fig.  5.3.3.  The  right  side  shows  the  backward  coordinate  transfor¬ 
mation  5ps  carried  out  by  the  gimbals.  Thus  We  see  that  the  servo  motor  torques  in  Eq.  (5.3.4)  can 
really  supply  the  torque  required  in  the  platform  coordinate  frame  (s.  Eq.  (5.3.3b)),  i.e.  Independent  of 
the  roll,  pitch  and  yaw  angle  they'  can  address  one  component  on  the  platform.  This  zero  cross  coupling  of 
the  torques  1$  only  true  In  the  static  case.  In  the  dynamic  case  the  following  effects  cause  cross  coupling 
between  the  axes: 

-  varying  load  torques  due  to  angular  acceleration  of  the  gimbals  and  changing  mcaents  of  inertia  and 
products  of  inertia  (s.  [5.4],  Chapter  5  and  [5.6],  Chapter  11.8), 

-  varying  friction  torques  of  the  gimbal  bearings  and  sllprlngs. 
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Fig.  5.3.3  Block  Diagram  for  the  Three  Axis  Platform  Stabilization 

-  interaxis  sensor  coupling  (s.  [5.3],  Chapter  5,  9  and  [5.4]  ,  Chapter  5),  mechanical  gyros  not  only  re¬ 
spond  to  angular  rates  about  tne  input  axis  but  also  to  angular  acceleration  about  the  output  axis, 

s.  Tables  3.2.1b  and  3.2.2b;  in  [5.4]  considerations  on  SDF  gyro  output  axis  orientation  are  present¬ 
ed),  and 

-  sensitivity  of  the  gyro  (s.  Tables  3.2.1a,b  and  3.2.2a,b)  and  the  platform  gimbal  structure  to  linear 
acceleration  and  angular  vibration. 

It  is  the  task  of  the  mechanical  engineers  and  the  control  engineers  to  reduce  these  effects  to  a  toler¬ 
able  level.  Their  efforts  are  measured  In  frequency  plots, of  the  dynamic  torque  stiffness  or  platform  com¬ 
pliance  (s.  Eqs.  (5.2.4)  and  (5.2.13))  or  as  ratios  of  wP'/nM,  i.e.  as  ratios  of  the  platform  angular 
rate  in  the  i-axis  over  base  angular  rate  in  the  j-axis.  For  1  -  j  this  ratio  measures  "base  motion  isola¬ 
tion",  otherwise  the  cross  coupling.  Fig.  5.3.4  shows  a  platform  frequency  plot  for  the  Bodenseewerk  Gerh'te- 
technik  TNP  627,  an  inertial  navigation  platform  equipped  with  two  dynamically  tuned  gyroscopes  (Qyroflex 
of  Singer  Kearfott,  USA).  At  low  frequencies  the  platform  responds  to  an  unbalance  of  0.01  Nm  with  a  tilt 
of  2  arc  sec.  The  platform  stiffness  decreases  by  one  order  of  magnitude  at  high  frequencies  (5  to  50  Hz) 
due  to  the  decreasing  servo  loop  response.  At  very  high  frequencies  it  Increases  again  due  to  the  Inertia 
of  the  platform  and  the  gimbals  as  we  have  seen  in  the  discussion  of  Eq,  (5.2.13). 


Fig.  5.3.4  Frequency  Plot  of  Closed  Inner  Roll  Platform  Compliance  (TNP  627) 


5.4  Four-Gimbal  Platforms  (FGP) 


In  practice  the  three-gimbal  platform  (TGP)  Is  limited  to  pitch  angles  below  +60°  to  70°  (s.  [5.4]  and 
[5.5]).  For  higher  maneouverablllty  the  four-gimbal  platform  (FGP)  shown  schematically  in  Fig.  5  *  1  has 
to  be  used. 
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Accelaromatar 
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Fig.  5.4.1  Schematic  View  of  Four-Gimbal  Platform  (FGP) 

The  rGP  is  a  TGP  (s.  Fig.  5.3.1)  mounted  in  an  additional  outer  gimbal  OG’  but  with  its  roll  and  pitch 
axes  transposed.  The  three  innermost  servo  motors  are  controlled  as  in  the  TGP  but  the  outer  roll  servo 
motor  is  controlled  by  the  angle  between  the  inner  gimbal  IG  and  the  former  outer  gimbal  OG.  Its  task  is 
to  keep  this  angle  *’  zero  in  normal  flight.  With  the  Litton  LN-3  system,  for  instance  [5.7],  its  freedom 
is  limited  to  +200.  In  the  TGP  «'  was  the  critical  angle  e  (the  aircraft’s  pitch  angle)  an(f  assuming  that 
the  angle  notation  of  FGP  is  *,  6,  *  for  the  synchros  from  inside  to  outside  (It  was  *,  e  and  ♦  for  the 

TGP)  we  see  from  Eq.  (5.3.2)  and  Fig.  5.3.3  when  we  replace  0  by  ♦'  «  0  that  the  network  from  the  gyro 
pickoffs  to  the  servo  motors  simplifies  considerably.  In  this  servo  loop  only  the  ^-resolver  Is  of  signi¬ 
ficance  . 

If  the  aircraft  passes  the  critical  region  where  gimbal  lock  would  occur  with  the  TGP  (pitch  angle  ver¬ 
tical,  l.e.  azimuth  axis  and  roll  axis  coincide)  the  control  loop  from  the  Inner  roll  angle  •'  to  the 
outer  roll  servo  motor  changes  its  sign  and  becomes  unstable.  This  causes  the  outer  gimbal  OG'  to  seek 
another  equilibrium  which  is  180°  away  from  the  initial  equilibrium.  The  FGP  thus  trades  the  "gimbal 
lock"  problem  for  the  "gimbal  flip"  problem  which  requires  a  servo  loop  fast  enough  so  that  the  gyros  do 
not  hit  their  stops  during  the  maneuver  of  the  aircraft.  In  the  LN-3  system  the  gimbal  flip  requires  less 
than  0.3  s  to  achieve  90°  of  the  required  180°  change  [5.7] . 

In  an  aircraft  carrying  out  a  loop  maneuver  with  subsequent  roll  the  gimbal  angles  for  heading  and  roll 
will  go  through  180°-reversals  during  gimbal  flip  so  that  thereafter  the  platform  indicates  again  roll, 
pitch  and  azimuth  in  the  proper  way.  During  gimbal  flip  an  Inner  roll  angle  ♦'  develops  and  reaches  its 
maximum  at  a  time  AT  »  0.3  s  in  the  LN-3  platform  [5.71  when  the  outer  roll  gimbal  has  rotated  slightly 
more  than  90°  of  the  required  180u.  The  inner  roll  angle  is  then  approximately  equal  to  the  pitch  rate  of 
the  maneuver  multiplied  by  AT  [5.7].  It  affects  the  indication  of  roll,  pitch  and  azimuth  as  shown  in 
[5.4],  Eqs.  (5-73)  and  (5-74).  A  detailed  analysis  of  the  gimbal  flip  kinematics  Is  presented  in  this 
reference. 
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6.  ATTITUDE  AND  HEADING  REFERENCES 


In  many  applications  for  the  evaluation  of  flight  tests  Information  about  the  aircraft  attitude  and 
heading  is  required.  In  this  chapter  different  sensors  for  the  aircraft  roll,  pitch  and  yaw  angles  are 
discussed  (s.  also  Chapter  5): 

-  Vertical  Gyro  (VG),  measuring  roll  and  pitch  angles. 

-  Directional  Gyro  (DG),  measuring  the  angle  between  the  aircraft  roll  axis  and  a  reference  direction 
(e.  true  north). 

-  Attitude  and  Heading  Reference  System  (AHRS) ;  a  combination  of  a  VG  and  a  DG  measuring  the  aircraft 
roll,  pitch  and  yaw  angles  with  medium  accuracy. 

-  Attitude  Platform;  a  gyro  stabilized  three-  or  four-gimbal  platform,  measuring  the  aircraft  roll, 
pitch  and  yaw  angles  with  high  accuracy. 

-  Strapdown  attitude  and  heading  reference  systems  in  which  the  aircraft  roll,  pitch  and  yaw  angles 
are  computed  with  high  accuracy  based  on  gyro  and  accelerometer  measurements. 


6.1  Vertical  Gyro  (VG) 

A  verfcal  gyro  is  a  two-degree-of- freedom  gyro  with  its  spin  axis  vertical.  The  gimbal  angles  give  the 
aircraft  attitude  (roll,  pitch)  with  respect  to  local  vertical  (Fin.  6,1.1).  In  normal  operation,  the  VG 
outer  gimbal  is  aligned  parallel  to  the  aircraft's  longitudinal  axis,  the  Inner  gimbal  is  parallel  to  the 
lateral  axis  and  the  spin  axis  is  parallel  to  the  vertical  axis.  The  gyro  soln  axis  is  maintained  parallel 
to  local  vertical  by  an  erection  system  which  uses  the  signals  from  a  gravity  sensing  device  (two  bubble 
levels  in  Fig.  6.1.1).  A  torque  proportional  to  the  output  of  these  sensors  is  applied  to  the  gyro,  pre- 
cessing  its  spin  axis  towards  the  local  vertical  in  unaccelerated  flight. 

In  a  first  order  erection  loop  (Fig.  6.1.1)  the  amplified  gravity  sensor  signal, which  is  proportional 
to  the  deviation  e  of  the  spin  axis  from  the  apparent  vertical, is  directly  applied  to  the  gyro  torquers. 
The  response  of  this  elementary  VG  in  one  axis  to  a  horizontal  acceleration  f  can  be  described  by  a  first 
order  differential  equation: 

c*-Kge  +  Kf  +  w.  (6.1.1) 

T  «  1/(K  g)  is  the  loop  time  constant  and  u  is  the  sum  of  the  gyro  drift  rate  and  the  component  of  the 
rate  of  rotation  in  inertial  coordinates  of  the  local  vertical  along  the  gyro  input  axis. 

The  block  diagram  in  Fig.  6.1.2  illustrates  the  Equation  (6.1.1).  Usually  a  value  of  K  is  chosen  such 
that  the  loop  time  constant  T  is  of  tne  order  of  one  minute.  This  compromise  value  ensures  that  the  error 
angles  due  to  drift  (w)  do  not  become  too  large  and  that,  on  the  other  hand,  the  transient  horizontal  ac¬ 
celeration  (f)  during  aircraft  maneuvers  does  not  have  too  large  an  influence.  The  influence  of  these  ma- 
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neuver  accelerations  would  not  be  negligible  during  prolonged  turn  If  no  additional  measures  were  taken.  In 
a  steady  state  turn  at  20°  roll  angle  at  a  turn  rate  of  180  degrees/roln  the  error  In  the  indicated  verti¬ 
cal  would  be  about  8  degrees  after  a  90-degree-tum  and  about  13  degrees  after  a  180-degree-turn. 

Two  types  of  nonllnearltles  are  usually  Introduced  to  reduce  these  errors  (see  Fig.  6.1.3) 

-  erection  cut  off:  The  gyro  precession  signal  Is  cut  off  when  the  sensed  acceleration  Is  greater  than  a 
certain  value  fb  (typical  0.2  g),  and 

-  precession  rate  saturation:  The  precession  rate  Is  proportional  to  the  sensed  acceleration  f  until  a 
value  f*  Is  reached.  After  that  the  precession  rate  Is  constant.  A  typical  value  for  f4  Is  0.01  g. 

Fig.  6.1.3  Illustrates  the  application  of  both  nonlinearltles  at  the  same  time.  With  these  nonllnearltles 
the  maximum  acceleration-induced  errors  can  be  kept  smaller  than  1°. 

Since  the  direction  of  the  local  vertical  changes  with  respect  to  Inertial  space  as  a  result  of 
earth  rotation  (earth  rate)  and  of  the  aircraft  motion  around  the  earth  (transport  rate),  a  hang-off  angle 
In  the  first  order  VG  erection  system  occurs.  This  can  t*-.  explained  with  the  help  of  Fig.  6.1.2.  The  sum 
of  the  angular  rates  due  to  the  rotation  of  the  earth  and  the  speed  of  the  aircraft  are 

ml  1 

u  *  n  cos»  cosip 

^pltch  „  cos^  Sjnij,  +  y/p  (6.1.2) 

f  «  latitude 
n  ■  15°/h,  earth  rate 

*  »  aircraft  heading 
V  *  aircraft  velocity 
R  *  6400  km,  earth  radius. 

Constant  Inputs  (uro11  +  drift)  and  (wp’tch  +  drift)  are  compensated  in  the  first  order  roll  ar.d  pitch  loops 
(Fig.  6.1.2)  by  a  static  error  tS,  with 

eS,r°H  >  T  II  cose  cosip  (6.1.3) 

cS, pitch  .  T  (f)  CQM  sini()  +  V/R)  (6.1.4) 

For  a  loop  time  constant  of  one  minute  static  errors  of  up  to  0.5  degrees  can  occur. 

The  static  error  eS  can  be  reduced  by  using  a  second  order  erection  loop,  as  shown  in  Fig.  6.1.4.  The 
inclusion  of  an  additional  Integrator  in  the  loop  has  the  effect  that  (constant)  rates  such  as  gyro 
drift  and  rotation  of  the  local  level  are  compensated.  In  stationary  conditions,  this  integrator's  output 
will  be  equal  to  these  rate  Inputs  with  opposite  sign,  so  that  their  influence  is  compensated. 


Fig.  6.1.2  Block  Diagram  of  the  Vertical  Gyro  Error  Equation  (6.1.1) 


K 
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HARDWARE  EXAMPLE:  SPERRY  VG-14  Verticil  Gyro 

x  Hu.  6.1.5  shows  the  Vertical  Gyro  VG-14  which  consists  cf  two  basic  parts:  an  electronics  unit,  con¬ 

taining  TKTerectlon  control,  torquer  drivers,  Monitors,  detectors  and  power  supply  control  circuits,  and 
a  gyro  unit,  containing  the  gyro  motor,  gimbals,  torquer  motors,  synchros  and  liquid  level  switches.  Lead¬ 
ing  particulars  for  the  VG-14  are  listed  In  Table  6.1.1. 

A  mechanical  dlagraai  of  the  VG-14  Is  given  In  Fig.  6.1.6.  The  gyro  erection  circuitry  uses  the  signals 
from  two  liquid  level  switches  (SI  and  S2  In  Fig.  67l.6)  to  correct  the  position  of  the  pitch  and  roll 
gimbals  with  respect  to  the  local  vertical.  These  switches  consist  of  glass  tubes  partially  filled  with  an 
electrolyte,  two  end  electrodes  and  a  common  electrode.  When  the  switch  Is  level,  the  electrolyte  touches 
both  end  electrodes  and  the  coamon  electrode,  forming  two  ground  paths.  Tilting  the  switch  removes  one  of 
the  end  electrodes  from  the  electrolyte,  thereby  removing  a  ground  path.  This  signal  Is  used  to  activate 
the  appropriate  torquer  motor  to  correct  the  position  of  the  glmbal.  A  torque  rate  for  fast  or  slow  erec¬ 
tion  can  be  selected. 

Pitch  cut-off  switches  detect  the  fore-aft  accelerations.  Pitch  erection  cut-off  occurs  when  this  acce¬ 
leration  Is  greater  than  0.07  g.  Roll  erection  cut-off  Is  Initiated  by  the  roll  cut-off  detector,  which 
monitors  the  roll  angle.  At  a  roll  angle  of  6°,  corresponding  to  a  transverse  acceleration  of  0.1  g,  the 
roll  erection  loop  Is  cut  off. 


Gyro  rotor  speed 


Gyro  angular  momentum 


Gyro  erection 


Vertically  (Alignment  of  spin  axis  with 
true  vertical) 


»  Erection  cut  off 

t 

I  Erection  rate 


[  Dimension 

1  - 

I  Table  6.1.1  Characteristics  of  the  SPtRRY  VG-14  Vertical  Gy ro 


22000  rpm  within  5  minutes  after  power  Is  applied 
2 

3.8  million  <pa  -  cm  per  second 

vertical  within  3  minutes  after  po«mr  Is  applied 

0.25  degree  (bench) 

0.10  g  (Roll);  0.07  g  (Pitch) 

20  degree/mlnute  (fast) 

2.5  degree/mlnute  (slow) 

18.8  x  16.6  x  26.4  ca3 


! 
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Fig.  6.1.5  SPERRY  VG-14  Verticil  Gyro  (19x17x26c*3) 


PITCH 

CUTOFF  1NITCMIS 


TOnOUtA 

MOTOR 


Fig.  6.1,6  Mechanical  Dlagra*  of  the  SPERRY  VG-14 


6.2  Directional  Gyro  (06) 

A  directional  gyro  1$  a  tMO-degree-of-freedoa  gyro  which  Indicates  the  Motion  of  an  aircraft  In  azinuth. 
Measured  fro*  a  certain  reference  direction  (e.g.  true  north).  This  reference  direction  Is  established  by 
Initially  aligning  the  DT6's  spin  axis  to  this  direction.  During  the  flight,  the  spin  axis  Is  Maintained 
level  and  It  Is  usually  aligned  to  point  to  true  or  Magnetic  north  (Fig.  6.2.1). 

Usually  the  outer  glnbal  axis  Is  normal  to  the  aircraft  floor  plane  and  the  Inner  axis  Is  parallel  to 
the  floor  plane.  Aircraft  heading  Is  read  fro*  a  pick-off  on  the  outer  global  axis.  A  level  Is  attached  to 
the  gyro  housing,  sensing  a  deviation  of  the  spin  axis  froM  a  horizontal  position.  Its  output  Is  aMplIfled 
and  applied  to  the  outer  axis  torquer.  In  this  way  the  spin  axis  Is  caged  to  horizontal  with  a  first  order 
loop  (slnllar  to  Section  6.1).  Usually  the  D6  Is  used  In  two  andes  o,  t  ^-atlon; 

-  Free  Mode.  In  this  Mode  the  gyro  conserves  the  Initial  alignment  as  a  reference  direction. 

-  Slaved  Mode.  This  node  uses  an  external  reference,  such  as  a  reMOte  Magnetic  sensor  to  provide  a  con¬ 
tinuous  azlauth  torqulng  signal.  This  signal  keeps  the  gyro  spin  axis  aligned  with  the  external  refe¬ 
rence  (Fig.  6.2.2). 


,****• 
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Dm  to  the  two-glwbal  suspension  of  the  DG,  t  varying  error  occurs  In  non-level  flight  due  to  kinematic 
effects  -  the  gltabal  error.  A  mathematical  analysis  of  the  glifeel  error  shows  thet  the  Indlceted  heeding 
Is  e  function  of  the  ectuel  heeding  end  elso  of  the  roll  end  pitch  engles: 

tan**  *  |2||  tan*  -  tane  sin*  (6.2.1) 

**  Indicated  heading 
*  actual  heeding 
4  roll  angle 
e  pitch  angle. 

In  most  applications  of  a  DG,  the  pitch  angle  Is  only  a  few  degrees,  whereas  the  roll  angle  frequently  may 
be  as  high  as  40 to  SO  degrees,  so  that  the  roll  angle  must  be  considered  as  the  Major  contributor  to  the 
glMbal  error.  If  the  pitch  angle  Is  very  small  (6  *0),  the  glMbal  error  equation  Is  a  much  slapler  expres¬ 
sion. 


tan*  *  tan*  •  cos*. 

froM  this  equation  the  glMbal  error  i*  •  *"  -  *  can  be  calculated  directly 

.  .  tan*(cos*-l) 

tana*  *  -  ■■ -- - • 

l+tan<  *cos* 


(6.2.2) 


During  roll  of  the  aircraft  the  DG  glMbal  error  results  In  an  apparent  chaiM*  In  azlnuth  which  Increases 
as  the  roll  angle  Increases.  The  glMbal  error  reduces  to  zero  only  when  the  roll  angle  becomes  zero.  It  Is 
less  than  2  degrees  for  roll  angles  of  less  than  20  degrees  and  less  than  4.2  degrees  for  roll  angles  up  to 
30  degrees,  but  can  reach  a  value  of  45  degrees  at  a  roll  angle  of  90  degrees.  The  DG  output  can  be  correc¬ 
ted  for  this  error.  If  the  roll  and  pitch  angles  are  known. 


LEVEL 


Mtnutrnc  SENSOR 


norm* 


In  the  free  nod*,  the  azimuth  error  of  the  06  is  equal  to  the  initial  misalignment  angle  plus  the  in¬ 
tegral  of  the  drift  rete  over  the  flight  ti«e.  Apparent  drift  of  the  06  due  to  the  meridian  convergence  end 
the  vertical  coi^onent  of  the  earth  rate  can  be  calculated  as  follows 

Meridian  convergence  rate  VE  ‘ 

Vertical  earth  rate  n  ■  sin  a,  (6.2.3) 

where 

vt  •  V  sin*  east  velocity 

n  .  earth  rate 

R  •  earth  radius 

*  •  latitude 

This  apparent  drift  caches  values  of  twenty  and  more  degrees  per  hour,  so  that  these  effects  have  to  be 
compensated  by  a  torquing  signal. 

In  the  slaved  node,  these  (uncompensated)  drift  rates  would  produce  a  hang-off  angle,  similar  to  that 
discussed  in  Section  6.1.  Usually  the  earth  rate  correction  is  aade  with  a  constant  torque  signal,  corres¬ 
ponding  to  the  aean  latitude  and  the  aean  velocity.  These  values  have  to  be  set  by  the  pilot  befoie  the 
flight.  For  a  precise  correction  of  the  meridian  convergence,  the  aircraft  velocity  nust  be  known.  The 
aajor  errors  of  a  06  in  the  slaved  aode  are  introduced  by  the  aagnetic  sensor.  Such  errors  are  caused  by 
the  aagnetic  effects  of  the  aircraft:  current-carrying  conductors  and  permanently  Magnetized  portions  of 
the  aircraft  structure  (hard-iron  effects,  error  with  one  cycle  In  360®  heading  change);  high-penaeabliity 
portions  of  the  structure  are  augnetized  by  the  earth's  field  (soft-iron  effects,  two  cycle  error);  dyna- 
■1c  errors  caused  by  the  departure  fraa  the  horizontal  of  the  pendulous  magnetic  sensor  under  acceleration. 
These  errors  can  be  compensated,  so  that  th*  residual  error  of  the  aagnetic  sensor  Is  in  the  order  of  0.2 
-  0.5°. 


HARDWARE  EXAMPLE:  SPERRY  Gyroscopic  Compass  System  C-12 

This  heading  reference  systei  consists  of  the  following  parts  (Fig.  6.2.3) 

-  directional  gyroscope 

-  Induction  compass  transmitter  (flux  valve) 

-  amplifier  -  ^ower  supply 

-  remote  aagnetic  compensator 

-  digital  controller. 

The  induction  compass  transmitter  detects  the  direction  of  the  earth's  imgnetic  field  and  transmits  this 
information  to  a  synchro  that  compares  aagnetic  heading  with  the  gyro  heading.  The  error  signal  then  sla¬ 
ves  the  06.  The  system  can  be  operated  In  this  slaved  aode  or  it  can  operate  as  an  independent  directional 
gyroscoDe  (free  aode). 

The  systea.  has  compensation  for  the  errors  of  the  induction  compass  transmitter  (remote  magnetic  com¬ 
pensator),  for  the  pimbal  error  (corrector  circuit;  roll  angle  required  from  a  V6).  for  gyro  drift  and 
earth  rata  and  for  the  meridian  convergence  error.  For  these  corrections,  ground  speed  and  latitude  are 
requii  td  rite  leading  particulars  ire  supplied  in  the  Table  6.2  2 


Slaved  heading  accuracy 

Free  gyro  h“»d  I  ig  accuracy 
{lit<tuJe  corrected) 


0.25°  rms 


Table  6.2.2  Characteristics  of  a  SPERRY  C-12  Directional  6yro 


6.3  Gimballed  Attitude  and  Heading  Reference  Systems  (AHRS) 


The  Attitude  and  Heading  Reference  System  (AHRS)  considered  in  this  section  is  an  Integrated  combina¬ 
tion  of  a  V6  and  a  06.  Usually  earth-rate  and  transport-rate  compensations  aro  applied  and  no  global  error 
occurs  because  the  DG  1;  mounted  on  the  Inner  global  of  the  V6  (see  Fig.  5.3.J).  For  the  transport- rate 
correction,  the  aircraft  velocity  has  to  be  provided  by  an  external  source  (or a  mean  value  is  initially 
set).  With  the  h*lp  of  the  measured  roll,  pitch  and  yaw  angles,  the  transport  rate  together  with  the  earth 
rate  is  resolved  to  the  three  axes  of  the  AHRS  and  the  gyros  are  slaved  to  the  appropriate  signals. 

Modern  AHRS  a  small  digital  computer  Is  Included  which  controls  the  measuring  unit  and  provides  the  re¬ 
quired  outputs  of  the  system. 


'uatvNiw 


H*.  6.2,3  SKMV  DlrvctlOMl  f(yro  C-l? 


Attltud*  «nd  HNdfng  fttftnme*  Systw  Principle 


HARDWARE  EXAMPLE:  SPERRY  Attitude  and  Heading  Reference  System 
SYP  B20  (License  production  by  BODENSEEWERR) 


The  SYP  820  lyitM  consists  of  tho  following  parts  (Fig.  6.3.2) 
•  Gyro  reference  unit 
-  Electronics  unit 
»  Control ler. 


Gyro  Reference 
Unit 


Control ler 


Electronics  Unit 


Fig.  6.3.2  SPERRY  Attitude  »nd  Heading  Reference.  System  SYP  820 
(Licence  Production  by  BODENSEEWERX) 


Fig.  6.3.3  Gyro  Reference  Unit  Conflguretlon  of  the  SYP  820 


the  gyro  reference  unit  conflguretlon:  The  directional  gyro  stabilizes  the  servoed  azimuth 
global  and  is  Mounted  In  servoed  roll  and  pitch  giMbals  so  that  its  input  axis  Is  in  line  with  the  local 
vertical.  Th»  vertical  gyro  Is  a  two  degree  of  freedom  gyro,  sensing  the  aircraft  roll  and  pitch  rotations. 
Transport  rate  compensation  Is  applied  in  pitch  only,  assuming  that  the  aircraft  velocity  vector  is  lying 
along  the  longitudinal  axis  of  the  aircraft,  neglecting  wind  effects.  The  average  velocity  Is  manually  set 
in  the  controller  oy  the  pilot.  Earth  rate  is  compensated  for  a  fixed  latitude.  Two  liquid  levels  are  moun- 
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ted  orthogonally  on  the  azimuth  glmbal.  They  Indicate  changes  from  the  local  vertical,  caused  by  gyro 
drift  etc.,  and  control  the  roll  and  pitch  axes  in  a  first  order  loop.  The  directional  gyro  can  be  operated 
in  the  free  mode  and  slaved  to  a  remote  magnetic  sensor. 

The  leading  particulars  of  the  system  are  given  in  Table  6.3.1. 


0,6°  max  in  1  hour 

0.25°  (lo)  unaccelerated  flight 

0.8°  mx  in  6  minutes 

0.2  G 


Table  6.3.1  Characteristics  of  the  SPERRY  SYP  820  Attitude  and 
Heading  Reference  System 

6.4  Attitude  and  Heading  Platforms 

The  attitude  and  heading  platform  discussed  If  this  section  Is  a  system  with  two  two  degree-of-freedom  , 

gyros  or  three  single-degree-cf-freedom  gyros,  mounted  on  a  stable  platform.  This  stable  platform  is  Iso-  1 

lated  from  aircraft  rotations  by  two  or  three  servo-driven  gimbals.  A  three  glmbal  attitude  and  heading  j 

platform  is  shown  in  the  schaMtic  diagram  Fig.  6.4.1.  The  azimuth  glmbal  (the  stable  platform)  is  isola-  | 

ted  from  rotation  by  a  (inner)  pitch  glmbal  and  a  (outer)  roll  glmbal.  Glmbal  lock,  which  occurs  at  90°  1 

pitch,  does  not  allow  all-attitude  operation.  By  aoding  a  fourth  glmbal,  an  all-attitude  platform  is  ob¬ 
tained.  (See  also  Sections  5.3  and  5.4). 

Attitude  and  heading  platforms  can  be  considered  as  downgraded  Inertial  platform  (see  Chapter  7).  The 
angular  accuracy  of  the  attitude  and  heading  platform  depends  on  the  drift  performance  of  the  gyros  which 
are  used  and  on  the  method  of  slaving  the  platform  to  the  vertical.  If  acceleroMters  are  used  to  sense 
the  horizontal  accelerations  on  the  stable  element,  the  platform  can  be  slaved  to  the  vertical  by  the 
well-known  second-order  Schuler  loops  (see  Chapter  7).  The  addition  of  earth  rate  compensation  loops  then 
Mkes  an  inertial  platform  of  the  attitude  and  heading  platform.  The  use  of  liquid  levels  Instead  of 
acceleroMters  in  the  levelling  loops  and  of  zyros  with  a  lower  drift  performance  and  of  slaving  the  I 

azimuth  gimbal  to  Magnetic  north,  derived  frow  a  remote  Mgnetlc  sensor,  give  the  attitude  and  heading  { 

platform  an  accuracy  similar  to  an  attitude  and  heading  reference  system.  1 

Modern  attitude  and  heading  platforms  have  digital  electronics.  This  provides  the  possibility  for  easy 
compensation  of  earth  and  transport  rate  and  of  acceleration  effects,  If  an  external  velocity  signal  (such 
as  a  Doppler-radar)  is  available.  The  digital  mechanisation  of  these  compensation  loops  is  similar  to 

those  used  in  inertial  platforms  (see  Chapter  7).  ! 

HARDWARE  EXAMPLE:  SAGEM  MGC  10 

The  MGC  10  attitude  and  heading  platform  is  shown  in  the  Fig.  6.4.2.  It  has  three  miniature  floated 
single-oegree-of-freedom  gyros,  two  electrolytic  levels  and  four  gimbals.  The  erection  loop  is  of  first  . 

order,  with  additional  Integrators  for  the  compensation  of  earth  rotation  and  gyro  drift.  A  compensation  I 

signal  for  the  transport  rate  is  resolved  along  the  platform  axes  by  means  of  the  platform  heading  infor-  t 

nation  and  is  fed  directly  to  the  gyro  torquers.  Erection  cut-off  is  foreseen  if  sharp  heading  changes 

or  roll  angles  exceeding  a  given  threshold  occur.  Earth  rate  compensation  is  also  applied  to  the  azimuth  j 

gyro.  The  leading  particulars  of  the  MGC  10  are  given  in  Table  6.4.1.  j 


Heading  accuracy  0.2  °/min 

Attitude  error  (unaccelerated  flight)  0.5° 

Allgrmmnt  time  3  min 


Table  6.4.1  Charecterl sties  of  the  SAGEM  MGC  10  Attitude 
and  Heading  Platform 

6.5  Strapdown  Attitude  and  Heading  Reference  Systems 

The  philosophy  Just  described  for  attitude  and  heading  reference  by  a  platform  technique  can  equally 
be  ImpleMnted  with  a  strapdown  systM.  In  such  a  system,  with  sensors  attached  directly  to  the  vehicle, 
the  task  of  providing  an  angular  reference  Is  accomplished  by  a  high  speed  computer  rather  than  by  a  gyro- 
stabilized  platform.  Section  7.4.4  describes  this  technique  in  more  detail. 


Heading  accuracy 
Roll  and  pit  i 
First  order  erection  loops 
Erection  cut  off 


Fig.  6.4.2  SAGEM  MGC  10  Attitude  end  Heeding  Pletforn 
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The  strapdown  AHRS  not  only  serves  as  an  attitude  and  heading  reference  but  also  delivers  information 
on  angular  rate  and  acceleration.  This  results  in  a  significant'overall  cost  and  weight  reduction  and  pro¬ 
vides  for  greater  accuracy  and  higher  reliability  than  heretofore  achievable. 

The  Litton  LTR-80,  for  instance,  accepts  inputs  from  the  magnetic  compass,  air  data  computer  and  V OR/ 
WE.  Its  system  outputs  consist  of  attitude,  heading,  ground  speed,  vertical  speed,  drift  angle,  flight 
pcth  angle  as  well  as  linear  accelerations  and  angular  rates.  It  ensures  no  degradation  of  accuracy  during 
aircraft  maneuvers. 

The  LTR-80  is  equipped  with  three  high  accuracy  accelerometers  of  the  type  A-2  and  two  dynamically  tuned 
gyroscopes  of  the  type  Litef  K-273  (s.  Fig.  3.4.10).  A  strapdown  system  (as  shown  in  Fig.  6.5.1  for  the 
LTR-80,  but  also  offered  in  a  similar  configuration  by  other  manufacturers)  can  allow  easier  maintenance 
by  ready  access  to  and  simple  removal  of  all  parts  including  sensors.  Table  6.5.1  summarizes  the  95  X  per¬ 
formance  of  the  LTR-80. 

Heading  accuracy  1° 

Attitude  error  0.25° 

Ground  speed  error  (with  VOR/DME)  8  kts 
Flight  path  angle  1° 

Body  rates  0.1° 

Body  acceleration  0.1  X 

0.01  g 


Table  6.5.1  Characteristics  of  the  Litton  LTR-80  Strapdown  Attitude  and  Heading  Reference  System 


Fig.  6.5.1  Litton  LTR-80  Strapdown  Attitude  and  Heading  Reference  System 
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7,  INERTIAL  NAVIGATION 
7.1  Introduction 

We  will  start  with  a  brief  review  of  the  historical  development  of  inertial  navigation,  which  in  the 
western  world  primarily  took  place  In  Germany  and  the  United  States. 

The  beginning  of  inertial  navigation  can  be  put  at  the  turn  of  the  past  century.  In  190S  the  first  pa¬ 
tent  on  a  north-seeking  gyrocompass  was  granted  to  AnschUtz,  Germany,  and  in  1913  a  passenger  ship  was  for 
the  first  time  equipped  with  an  AnschUtz  three-gyro  compass.  The  theoretical  outlines  for  this  instrument 
were  laid  down  by  Schuler.  His  publication  [7.1J  of  1923  on  the  principle  of  the  84-minute  tuning,  which 
In  technical  circles  Is  called  the  “Schuler  tuning*.  Is  a  frequently  cited  bibliographical  reference  in 
the  field  of  Inertial  navigation. 

The  gyrocompass  Is  In  principle  a  damped  gyropendulum  with  a  horizontal  spin  axis  and  a  separation  be¬ 
tween  center  of  gravity  and  center  of  support  of  about  1  mm.  In  the  geostationary  state  this  Is  a  north¬ 
seeking  Instrument,  the  Input  signals  being  the  rotation  of  the  earth  and  gravity.  It  has  a  settling  time 
In  the  order  of  4  hours. 

The  long  settling  time  of  the  electromechanical  gyrocompass  precluded  its  use  on  the  one-man-submarines 
developed  In  Germany  towards  the  end  of  World  War  II.  In  case  of  emergency  these  vessels  had  to  switch  off 
all  Instruments,  but  the  operator  had  to  find  true  north  again  within  10  to  20  minutes  after  the  emergency 
was  over.  This  requirement  led  to  an  instrument  with  short  alignment  time,  the  so-called  "miniature  gyro¬ 
compass*  (German:  “KleinkreiselkampaB"),  for  which  a  patent  was  granted  to  Glevers  in  1943  [7.2],  It  al¬ 
ready  contained  the  elements  of  a  modern  Inertial  navigation  system,  namely  an  air-supported  accelerometer, 
an  air-supported  gyro  and  an  electronic  “Schuler  loop"  which  could  be  switched  to  a  shorter  period  during 
the  alignment  mode.  The  instrument,  built  by  the  "KreiselgerSte  GmbH"  company,  Germany,  required  only  12 
minutes  alignment  time! 

The  gyrocompass  is  appropriate  as  a  vehicle  north  reference  only  at  low  speeds  -  a  velocity  component  in 
the  north  direction  results  in  an  error,  the  so-called  "velocity  error"  of  approximately  1  deg.  per  10  kn  at 
45°  latitude.  Therefore  this  instrument  has  been  widely  used  only  in  sea  navigation,  and  not  in  aviation. 

The  idea  of  a  gyrocompass  which  indicates  true  north,  independent  of  the  speed,  goes  back  to  Boykow  and 
was  pushed  forward  by  Glevers,  who  developed  the  concept  of  an  ‘over-ground  compass"  (German:  "Obergrund- 
kompafl”)  in  1940  and  1942  [7.2] .  The  latter  corresponds  in  principle  to  an  inertial  navigation  system  with 
analog  computer,  which  is  still  in  use  today! 

The  work  on  another  idea  of  Boykow,  the  so-called  "track-meter"  (German:  "Wegeaesser"  patent  granted  in 
1935),  became  more  widely  known  in  the  literature  shortly  after  World  War  II.  The  work  was  carried  out  by 
the  company  "Siemens-LuftfahrtgerKtewerk"  and  the  name  Reisch  is  closely  connected  with  It  [7.2  to  7.5]. 
Independent  of  Glevers,  Reisch  also  developed  the  concept  Of  an  INS  by  the  end  of  World  War  II. 

After  the  war  the  lead  in  the  developamnt  of  this  technology  was  taken  over  by  the  United  states,  espe¬ 
cially  Draper  in  the  Massachusetts  Institute  of  Technology.  The  first  successful  flight  of  an  INS  was 
carried  out  in  1953  between  Massachusetts  and  California  [7.4] . 

We  will  now  discuss  the  role  of  an  INS  as  a  navigation  and  flight  test  reference  system. 

It  will  be  shown  in  this  chapter  that  an  inertial  platform  indicates  true  north  with  highest  accuracy 
only  if  it  is  at  the  same  time  also  aligned  most  accurately  to  the  vertical  and  if,  in  addition,  the  north- 
south  and  the  east-west  velocities  as  well  as  the  geographical  latitude  are  known.  Therefore  in  an  autono¬ 
mous  inertial  navigational  system  a  closed  loop  of  information  on 

the  north  direction, 

the  vertical, 

the  ground  velocities  in  north-south  and  east-west  directions,  and 

the  position  in  geographical  latitude  and  longitude 

Is  implemented. 

As  an  inertial  navigational  system  (INS)  has  this  essential  information  for  flight  guidance  available 
in  the  form  of  a  closed  loop.  It  Is  undoubtedly  the  most  attractive  among  the  various  navigational 
systems. 

For  this  reason  inertial  systems  are  not  only  used  in  civil  and  military  aviation,  in  space  flight,  in 
sea  navigation  and  for  missiles,  but  also  as  measuring  Instruments  in  flight  tests  and  in  other  cases 
where  moving  base  measurements  have  to  be  carried  out  with  respect  to  the  vertical  (e.g.  geodesy). 

The  achievements  In  space  flight  are  still  In  our  minds.  The  high  accuracy  achieved  in  flight  guidance 
was  based  on  outputs  from  inertial  systems  which,  together  with  outputs  from  other  sensors,  were  combined 
Into  optimal  information  on  attitude,  velocity  and  position. 

This  draws  attention  to  one  aspect  which,  among  others,  should  be  one  of  the  conclusions  from  this  chap¬ 
ter  and  Chapter  8.  Like  all  technical  Instruments  an  INS  has  its  specific  error  sources,  which  are,  how¬ 
ever,  of  a  different  nature  compared  to  those  of  radio  navigation  aids  (e.g.  VOR/OME,  TACAN,  Doppler  radar, 
ILS).  An  optimum  of  information  can  be  obtained  by  using  information  from  different  sources.  In  this  re¬ 
spect  mathematicians  have  provided  technicians  with  a  fairly  efficient  tool  In  the  form  of  the  Kalman 
filter  algorithms  [7.6  to  7.9].  The  above-mentioned  achievements  in  space  flight  have  bean  obtained  through 
the  contribution  of  engineers  in  the  form  of  hardware  and  of  mathematicians  In  the  form  of  software. 
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As  an  inertial  system  comprises  information  levels  in  a  closed  loop  as  mentioned  above,  i.e.  north  di¬ 
rection,  direction  of  gravity,  ground  speed  and  position,  aiding  the  system  by  means  of  external  references 
on  the  velocity  level  (e.g.  Doppler  radar)  or  position  level  (e.g.  VOR/DME),also  increases  the  accuracy 
for  the  other  levels.  Therefore  systems  for  high-accuracy  simultaneous  measurements  of  velocity  and  position 
or  attitude  and  velocity, or  even  the  three  states  together, are  always  centered  around  an  INS.  It  is  also 
advantageous  to  use  an  INS  in  those  cases  when  the  high-accuracy  measurement  of  position  is  a  main  purpose 
of  the  test  [7.10]. 

Chapter  8  notes  that  the  best  available  hardware  in  the  form  of  an  INS,  and  the  best  software  of  the 
optimal  filter  algorithms  are  the  basis  for  an  accurate  reference  system  during  flight  tests. 

We  will  first  discuss  the  functioning  of  a  conventional  platform  Inertial  navigation  system  and  its 
error  dynamics.  This  is  followed  by  a  description  of  other  Inertial  navigation  system  mechanizations, 
especially  the  strapdown  systems.  The  comnonality  of  the  error  dynamics  of  all  inertial  navigation  systems 
is  the  topic  of  the  next  section.  The  chapter  concludes  with  a  review  of  the  self-alignment  method  for 
platform  and  strapdown  systems  and  an  overview  of  existing  inertial  navigation  systems. 


7.2  Mechanization  of  an  Inertial  Navigation  System  with  its  Sensors  Pointing  North,  East  and  Down  -  the 
North  Indicating  System  (NIS) 

7.2.1  The  Platform  and  the  Cownand  Rates 

Fig.  7.2.1  shows  the  diagram  of  an  INS  which  we  use  to  obtain  an  understanding  of  its  functioning.  The 
wind  vane  on  the  platform  symbolizes  that  it  is  indicating  true  north.  This  is  called  a  "north 
indicating  system  (NIS)". 

The  platform  represented  as  a  round  disc  in  Fig.  7.2.1  is  suspended  in  the  vehicle  (airplane,  missile, 
ship)  with  three  degrees  of  rotational  freedom.  For  simplification  this  figure  shows  only  the  vertical 
axis.  The  rotational  freedom  as  well  as  the  other  indicated  signals  are  understood  to  have  2  or  3  orthogo¬ 
nal  components;  2  components  for  horizontal  acceleration,  velocity  and  position,  3  components  for  the  an¬ 
gular  rate.  It  will  be  shown  in  Section  7.3.S  that  the  vertical  velocity  and  position  (altitude)  cannot 
be  obtained  alone  from  inertial  measurements. 


On  the  platform  one  gyro  can  be  seen  -  in  place  of  the  three  gyros  -  which,  with  the  control  loop 
from  gyro  pickoff  (P)  via  the  electronics  to  the  servo-motors  at  the  gimbals, ensures  the  stabilization  of 
the  platform. 


As  we  have  seen  in  Section  5.3  stabilization  means  that  the  platform  does  not  follow  the  vehicle's  angu¬ 
lar  motion,  but  tends  to  maintain  its  position  with  regard  to  the  inertial  space  which  is  "stored"  in  the 
gyros. 

t  The  rotation  vector  of  the  platform  with  respect  to  inertial  space  will  be  zero  if  no  command  rate 
u  is  applied  to  the  gyro  torquecs  and  if  the  gyro  drift  vector  D  is  zero.  Otherwise  the  platform  orienta¬ 
tion  changes  according  to  Eq.  (5.3.1); 

«,p  ■  u4  +  D.  (7.2.1) 


In  case  of  the  NIS,  the  platform  always  has  to  be  aligned  with  its  axes  parallel  to  north,  east  and 
down,  i.e.  parallel  to  the  axes  of  the  "navigational  coordinate  frame"  (subscript  n),  defined  in  Section 
2.1  and  Fig.  2.1.  The  total  angular  motion  of  the  platform  with  respect  to  inertial  space  is 


+  a)  +  ill 


np 


(7.2.2) 


with  ule  =  earth  rate  and  uen  =  transport  rate  (s.  Eqs  (2.20)  to  (2.24)).  The  angular  rate  wnp  of  the  plat¬ 
form  with  respect  to  the  navigational  frame  must  vanish.  The  condition  for  meeting  this  requirement  is 
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(7.2.3) 


i.e.  the  gyros  on  the  platform  have  to  be  fed  with  a  command  rate  equal  to  the  sum  of  earth  rate,  trans¬ 
port  rate  and  drift  as  indicated  in  Fig.  7.2.1. 

Jf  the  flight  is  towards  the  west,  decreases  with  increasing  velocity,  vanishing  completely  when  uen 
*  wie  (1200  km/h  for  >p  *  45°).  The  effect  of  scale  factor  errors  of  the  torquers  in  the  gyros  thus  decreases 
as  westerly  velocity  Increases. 


Since  with  the  NIS  the  geographic  coordinate  frame  Is  stored  in  the  platform,  the  aircraft  attitude  and 
azimuth  can  directly  be  measured  at  the  gimbal  axes  (s.  Fig.  7.2.1). 


7.2.2  The  Navigation  Computer 

The  navigation  computer  receives  the  specific  force  vector  f  as  input  signal  from  the  accelerometers  on 
the  platform  and  generates  the  command  rate  vector  u1  for  the  gyros  as  feedback  signal  to  the  platform.  Ac¬ 
cording  to  Eq.  (7.2.3)  w*  depends  on  earth  rate  and- transport  rate,  i.e.  on  groundspeed  and  position. 

Eq.  (2.29)  is  the  basis  for  the  integration  of  groundspeed  and  position  from  the  accelerometer  measure¬ 
ments  f.  In  the  NIS  it  is  evaluated  in  the  navigational  coordinate  frame  and  reads: 

in  “In  -  <2«ie  +2en)n  x  *n  +  % 

or  in  components: 


(7.2.4a) 


Navigation  Computer 
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these  terms  have  to  be  compensated  In  the  computer. 
The  following  relationships  have  to  be  observed  (s.  Section  2.1): 
ft'  *  ft  +  X/2 

ft  «  ^  ^  •  7.292  115  •  10‘5  .  15.041  067  -rc-s-s-e-c- 


(7.2.5) 
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k  »  ft+  i  •  rate  of  change  of  celestial  longitude 

•  VN 

=  rate  of  change  of  geographic  latitude 

•j  o  p 

Rjl  =  R[1  +  eft  sin  ip  -  1)]  «  radius  of  curvature  In  the  meridian  plane 

Re  =  R[1  +  j  e  sin  q>  ]  =  radius  of  curvature  In  the  transverse  plane  of  the  ellipsoid 


R  *  6,378.160  km 


e*  =  f(2  -  f) 


’  75047 


»  semimajor  axis  of  the  ellipsoid 
-  numerical  eccentricity 
*  flattening  of  the  ellipsoid. 
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The  components  of  the  feedback  signal  u*  *  #^e  +  o^n  from  the  computer  to  the  gyros  on  the  platform  are: 


<!).  "  ft  0 


earth  rate  vector 


— II 

1 

t,-sinq> 

.  ' 

A  cos<p 

V£/(Re  ♦  h) 

en 

Sn  = 

-<p 

■  -yo^N +  h) 

l 

-A  sin<p 

1^[Ve/(R£  +  h)]  tan<P 

transport  rate  vector. 


(7.2.15) 


(7.2.16) 


As  already  mentioned  above,  pure  Inertial  navigation  can  only  be  carried  out  In  the  horizontal  plane 
and  Fig.  7.2.1  is  only  valid  for  this  case.  For  the  navigation  In  the  vertical  plane  a  retup  according  to 
Fig.  8.2.1  is  recommended,  in  which  the  vertical  acceleration  and  velocity  are  corrected  by  the  difference 
of  the  Inertial  and  barometric  altitudes  via  the  gains  1/T‘  and  2/T  with  T  »  30s.  In  this  setup  the  Coriolis 
acceleration  and  the  modelling  of  gravity  as  function  of  altitude  and  latitude  (s.  Eqs.  (2.32)  and  (2.33) ) 
can  be  neglected  without  severe  effects  on  accuracy.  For  further  details  s.  Sections  7.3.5  and  8.2.1. 

The  deflection  of  the  vertical  with  components  £  and  n(s.  Fig.  2.4)  Is  the  point  where  geophysics  affects 
inertial  navigation  (s.  Eq.(7.2.4b).  For  the  INM/h  class  INS  it  remains  uncompensated  In  the  computer  and  the 
navigation  In  the  horizontal  plane  becomes  independent  of  gravity.  The  modelling  of  gravity  Is  therefore 
not  required  in  the  horizontal  computer  of  Fig.  7.2.1.  Yet  gravity  has  an  Influence  on  the  dynamics  of  the 
system,  which  will  be  dealt  with  in  the  next  section. 

In  modern  INS's  the  signal  format  of  the  accelerometer  output  f  is  a  pulse  train,  where  each  pulse  Is  a 
velocity  Increment  of  0.5  mm/s,  for  Instance.  This  Is  fed  into  an~up/down  counter,  sampled  at  a  rather  low 
rate  of  approximately  5  Hz  for  the  evaluation  of  Eq.  (7.2.4). 


The  signal  flow  of  Fig.  7.2.1  for  the  two  horizontal  channels  fro*  the  accelerometers, via  the  Integra- 
torsand  the  division  by  the  representative  radius  of  curvature  of  the  earth,  to  the  torquers  of  the  gyros 
are  called  Schuler  loops.  They  are  the  electronic  Implementation  of  a  two-axes  mathematical  pendulum  whose 
length  Is  equal  to  the  radius  R  of  the  earth,  having  the  frequency  and  period  of: 

ws  -  (g/R)1/2  -  1.23S  •  10'3  s"1  Ts  -  ^ - .  84.4  min,  (7.3.1) 

(g/R)I/z 

which  are  called  "Schuler  frequency"  and  "Schuler  period". 

A  pendulum  tuned  to  this  frequency  always  Indicates  the  vertical  on  a  moving  vehicle,  once  It  has  been 
aligned  to  It  prior  to  the  start.  Also  a  gyrocompass,  tuned  to  this  frequency,  will  not  be  excited  to 
disturbance  oscillations  by  the  horizontal  acceleration.  These  rules  were  revealed  by  Schuler  in  his  publl 
cation  of  1923  [7.1].  The  Schuler  period  also  governs  the  motion  of  a  satellite  surrounding  the  earth  or 
the  motion  of  a  stone  traversing  a  hole  drilled  through  the  earth  [7.11]. 

A  conventional  physical  pendulum  can  hardly  be  Schuler-tuned.  For  a  physical  pendulum,  the  following 
relationship  would  have  to  be  satisfied: 


(1  «  radius  of  inertia  *  2,5  m  for  r  *  plvot-to-center-of-mass  separation  ■  Iwm). 

In  practice  the  Schuler  tuning  condition  can  only  be  met  with  the  aid  of  a  gyroscope  -  as  In  a  gyrocom¬ 
pass  or  the  INS.  The  simplified  single  axis  INS  shown  In  Fig.  7,3,1,  may  serve  as  a  basis  for  the  following 
discussion. 

The  platform  (P)  Is  mounted  on  a  vehicle  heading  north  and  gyro-stabilized  about  its  east-west  axis 
(perpendicular  to  the  plane  of  the  drawing)  by  means  of  the  servo  loop  from  the  gyro  (G)  signal  generator 
(S)  to  the  servomotor  (SM)  of  the  platform.  The  accelerometer  (A)  has  Its  sensitive  axis  in  the  direc¬ 
tion  of  motion  and  its  output  signal  f  Is  coupled  to  the  torquer  (T)  of  the  gyro  via  the  Integrator  and  the 
amplifier  -  ,1.  VN  is  the  velocity  and  e£  the  angular  deviation  with  respect  to  the  vertical. 

The  system's  error  dynamics  are  described  by  the  linearized  state  space  equations: 
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(7.3.3a  to  e) 

with  De  «  gyro  drift  and  8^  «  accelerometer  error  assumed  to  be  constant. 

This  equation  Is  of  the  following  form: 

x  •  £  x  +  g  u  (7.3.4) 

with  jj  u  «  0.  It  has  the  following  solution  as  shown  In  [7.7],  Chapter  3 

*(t)  "  t(t*  V  *<t0)  +  f  t(t,T)  S(t)  u(t)  dx.  (7.3.5) 

s> 

The  transition  matrix  t  Is  the  solution  to  the  differential  equation: 

it  t(t.x)  -  El(t.x)  with  t(t.t)  "  i-  (7.3.6) 

For  constant  coefficients  In  £  the  transition  matrix  |  depends  only  on  the  time  difference  t-r,  l.e. 
t(t.T)  -  |(t-T).  (7.3.7) 

If  we  set  x  »  tQ  and  it  «  t  -  t0  In  Equation  (7.3.6), Its  solution  will  read: 

| (it)  -  eE'At  *  l  ♦  £  •  it  +  \  E2  it2  +  .  (7.3.8) 


which  Is  the  basis  for  numerically  solving  Eq.  (7.3.5).  For  a  closed  solution  based  on  Laplace  transformation 
we  use  the  following  relationship  (s.  [7.12],  Chapter  7): 

t(»)  ■  1*1  -  Ef1  t'i)  -  I'1  t[*I  -  El'1)- 

So  we  obtain: 


(7.3.9a,b) 
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COS  U)  At 


sin  u  At 


i-  sin  uis  at 


-  id-cos^atA  fcE(t0)' 


Rus  slno*  at  cos  us  at 


1  -  cosu  at  ■— r  sin  u  at 


R(l-cosus  at) 


sinu*  at 

4) 


At  -  ~  sinwAt  ±(l-cos«5 At)  UpftJ 


{**  )  \°  0  0  0  1  ) 

(7.3.10a  to  e) 

The  single  axis  INS  errors  due  to  east-west  gyro  drift  Dr  and  north-south  accelerometer  bias  3*.  are 
plotted  In  Fig.  7.3.2.  L 

All  INS  errors  are  bounded,  except  for  the  effect  of  gyro  drift  Of  on  position  error  &p,  confirming  the 
Importance  of  these  sensors  on  long-term  system  accuracy.  The  slope,  l.e.  the  mean  velocity  error  provides 
the  “rule  of  thumb  for  Inertial  navigation": 

TV  *  R  •  D  »  navigational  error  per  ipp  Stf*10  (7.3.11) 


Physically  this  rule  becomes  understandable  If  we  consider  that  the  gyros  keep  stored  In  the  platform 
the  reference  coordinate  system  for  navigation,  and  that  the  gyro  drift  causes  an  analogous  drifting  of 
the  reference  coordinate  system.  (As  a  reminder:  1  degree  of  longitude  *  111  km  at  the  equator). 

It  Is  interesting  to  note  that  the  effect  of  accelerometer  bias  Bn  on  INS  errors  is  not  as  severe  as 
one  would  expect.  The  misalignment  error  cE  and  the  position  error  are  alike.  The  mean  error  Is  limited  to 

*  Up  *  Bjj/g.  (7.3.12) 

^  This  means  that  the  accelerometer  bias  Is  compensated  by  a  component  of  gravity  due  to  the  mean  platform 


For  periods  that  are  short  with  respect  to  the  Schuler  period,  one  can  Introduce  In  Eqs.  (7.3.10)  the 
approximations: 


sin  ust  ■  u>st 


*  (“St>3 


COS  (0St  =  1  -  \  (wSt)Z. 


(7.3.13) 

(7.3.14) 


This  leads  to  the  curves  marked  in  dotted  ’ines  in  Figure  7.3.H,which  for  a  longer  time  period  are  »1 
so  valid  for  the  set-up  of  Figure  7.3.1  wl thout  Schuler  loop  or  for  inertial  navigation  on  a  flat  earth. 
The  respective  approximations  read  as  follows: 

eE(t)'=  eE(o)  *  Oj  ■  t, 


«y  t)  -  (g  eE(0)  +  bn)  t  ♦  0E  |  tZ 

n  2  3 

&P(t)  *  M o)  +  (eE(o)  ♦  f  |)  ♦  De  |  *-  . 


(7.3. lSa,b,c) 


In  sumary  we  may  conclude  that  inertial  navigation  would  not  be  possible  for  extended  periods  If  the 
earth  were  flat. 


7-3-2  The  Error  Dynamics  In  the  Horizontal  Channels  of  a  Three-Axis  North  Indicating  System  (NIS)  for  a 


Short  Perl 


Fig.  7.3.3  shows  In  simplified  form  the  block  diagrams  of  the  error  models  for  a  three-axis  NIS  In  the 
lower  half  and  the  barometric  aided  altitude  channel  In  the  upper  half.  On  the  left  side  the  sensor  errors 
are  listed,  on  the  right  side  the  system  errors,  and  in  the  middle  the  error  models  of  the  NIS  and  alti¬ 
tude  channel  dynamics  are  represented. 

As  compared  to  the  complete  error  model  of  an  NIS  [7.13],  which  will  be  discussed  later  (s.  Fig.  7.3.4), 
the  so-called  24-hour  oscillation  caused  by  the  coupling  of  the  plat'srm  angles  cn  f  n  via  the  components 
of  the  earth  rate  plus  the  transport  rate  a  (with  A  *  0  +  Al  or  >p,  respectively. Ms’oeen  cut  down  to  the 
coupling  of  the  azimuth  misalignment  eg  Into  the  rotation  about  the  east-west  axis  cE.  For  the  purpose  of 
discussion  this  Is  justified  because  on  the  one  hand  en  Is  In  general  one  order  of  magnitude  higher  than 
the  horizontal  misalignment  cu  r.  On  the  other  hand  for  flight  periods  of  up  to  2  hours  we  can  assume  with 
good  accuracy:  sin  At  »  At  and’eos  At  ■  1  (error  In  this  approximation  <  10  X). 

For  an  estimation  of  the  errors  In  the  NIS  channels  we  assume  that  the  slewing  of  the  vertical  gyro  as 
well  as  the  compensation  of  the  Coriolis  acceleration  can  occur  without  errors  and  there  rwmln  two  Schuler 
loops  as  In  Fig.  7.3.1.  In  addition  to  these  Schuler  loops  Fig.  7.3.3  shows  the  Influence  of  the  azimuth 
error  eg  as  well  as  of  the  vertical  gyro  drift  Op. 


no 


On  one  hand  the  azimuth  deviation  cn  causes  an  acceleration  error  in  the  horizontal  channel  which  is 
orthogonal  to  the  respective  horizontal  acceleration  Vu  ^  of  the  vehicle-  Me  assume  that  the  acceleration 
of  the  vehicle  from  start  to  the  constant  cruise  velocity  is  short  compared  to  the  Schuler -period,  which 
means  that  this  cross-track  acceleration  error  is  integrated  in  an  initial  velocity  error: 

«vA<o)  *  «V„(o)  ♦  e0(o)  VE  «V£(o)  ■  «VE(o)  -  tpVN.  (7-3- 16a. b) 

On  the  other  hand,  the  azimuth  grror  has  an  effect  coa^Mrable  to  a  north-south  or  east-west  gyro  drift 
through  the  coupling  of  the  rates  tp  and  Acosipinto  the  respective  orthogonal  platform  axes: 

°N  '  '  <£0  +  V>*  Of  ■  D£  ♦  (c0  t  D0  tl^eosip.  (7.3. 17a, b) 

The  relationships  compiled  on  the  following  page  (Eqs.  (7.3.18  a  to  g))  were  obtained  in  a  way  similar 
to  the  one  for  the  single  axis  Inertial  navigation  system  in  Section  7.3.1;  the  state  space  equations  of 
the  two  uncoupled  horizontal  channels  were  supplemented  by  Eqs.  (7.3.16  and  17)  and  cos*  was  assumed  to 
be  constant. 

Of  the  results  we  want  tc  discuss  only  the  position  equations  and  cast  a  glance  at  the  main  error 
sources.  The  initial  position  error  <6V>(o)  and  AA(o))  can  be  assured  to  be  zero,  as  on  any  major  aerodrome 
the  geographic  longitude  and  latitude  are  indicated  at  the  aircraft  parking  positions.  The  initial  error 
velocity  can  also  be  neglected;  if  the  switching  of  the  NIS  into  the  navigational  phase  takes  place  on  a 
stationary  aircraft,  V(o)  is  then  accurately  known. 

In  comparison  to  Eq.  (7.3.10)  essentially  only  the  effects  of  the  azimuth  alignment  error  cn(o)  and  of 
the  vertical  gyro  drift  Oq  have  been  added.  It  is  interesting  to  note  that  the  deviation  with  time  of  the 
"cross-track-error“  is  equal  to  that  of  a  conmon  dead  reckoning  navigational  system  in  the  east-west 
channel  (4A(t)  cos V  *  -t[j(o)  £<t).  In  the  north-south  channel  this  is  true  only  for  short  times  when 
4-f(t)  *  cn[  -(il/us)  sin  u»itj  cost  *  cp  LX  cost'.  After  approximately  10  minutes,  earth  rate  coupling 
becomes  effective. 

It  is  this  difference  in  the  error  characteristics  that  allows  in-flight  gyrocompass ing  of  a  misaligned 
NIS  based  on  a  Doppler  radar  for  measuring  the  body-fixed  ground  speed  components  and  the  misaligned  plat¬ 
form  as  heading  reference.  Me  will  come  back  to  this  topic  in  Section  8.2. 1.2. 

If  we  start  from  the  assumption  that  before  the  start  the  platform  has  aligned  itself  in  the  north 
direction  and  in  the  horizontal  plane  as  a  result  of  a  gyrocompass ing  procedure,  we  shall  under  ideal  con¬ 
ditions  have  the  following  relationships  between  the  alignment  and  sensor  errors  (s.  Eqs.  (7.S.2a  to  c)): 


eN(o)  =■  BE/g  (=  0.1  m  rad  »  20  arc  sec) 

c0(o)  *  -0E/(n  cost)  (=  1  m  rad  ■  3,4  arc  min), 


eE(o)  *  -BN/g  (=0.1  m  rad  *  20  arc  sec) 

(7.3.19a,b,c) 


the  numbers  being  valid  for  B  ■  10  g  and  0£  *  1/100  °/h  as  well  as  t"  *  45  .  Eqs.  (7.3. 18f ,g )  reduce  in 
this  case  to: 

5t (t)  =■  cD(o)  ^  ♦  Dq  (m£  -  ^2^  (1  -  cos  Jt)) 

6Mt)cosf  *  *Cq(o)  jj*  -  D„(t  -  (7. 3. 20a, b) 

(a) 

SN  E  being  the  distance  flown.  For  periods  that  are  short  in  comparison  with  the  Schuler  period  (6  min 
approximately  for  a  10  1  error)  these  relationships  will  reduce  to: 


®f(T)  -  ep(°) 

6k(t)  cos  =  'Cg(O) 


(7. 3. 21a, b) 


which  means,  that  after  fully  completing  self-alignment,  the  navigation  error  of  the  NIS  under  ideal  condi¬ 
tions  initially  consists  exclusively  of  the  cross-track  error,  and  is  identical  with  that  of  a  normal  dead 
reckoning  navigational  system  with  ideal  velocity  indicators! 


7.3.3  The  lo-Errors  in  the  Horizontal  Channels  of  a  Three-Axis  North  Indicating  System  (NIS)  for  a  long 
Period  of  Time 

Fig.  7.3.4  shows  without  simplifications  the  block  diagram  for  the  erroneous  signal  flow  in  an  NIS.  The 
lower  feedback  for  slewing  the  vertical  platform  axis  is  proportional  to  tan-f ,  indicating  that  inertial 
navigation  with  this  kind  of  mechanization  is  impossible  for  polar  flights.  In  the  discussion  of  this 
section  we  will  stay  in  the  allowable  latitude  ranges  (for  the  Ferranti  FE  500  systemf  <f88.5°). 

For  flight  times  above  6  minutes,  the  drifts  of  the  horizontal  gyros  becoaw  significant.  The  Coriolis 
acceleration  errors  and  the  earth  rate  couplings  becoam  significant  after  approximately  2  hours. 

If  the  NIS  is  standing  on  the  ground,  the  dynamics  of  its  errors  for  long  periods  are  described  by  the 
following  frequencies  (s.  [7.13],  Eq.  (7-49)): 

“1,2  *  i  a  s*n'*:  SM  7-z-1  ,wl  7-3-*  feedback  (K)  +  @ 

•  Cl  see  Fig.  7.2.1  and  7.3.4  feedback  ( C ). 


“3 


(7. 3. 22a, b) 


The  first  two  frequencies  characterize  the  Foucault- modulated  Schuler  oscillation,  i.e.  the  oscilla¬ 
tion  of  a  freely  swinging  pendulum  of  length  R  on  the  rotating  earth.  The  oscillation  plane  of  this 
pendulum  stays,  as  it  is  well  known,  inertially  fixed,  i.e.  it  rotates  with  the  negative  vertical  compo¬ 
nent  of  the  earth  rate  flsinp  with  respect  to  the  earth. 

The  third  frequency  characterizes  the  24-hour  oscillation,  i.e.  the  motion  as  indicated  In  Fig.  5.3.2, 
which  is  carried  out  by  a  misaligned  gyro-stabilized  platform  without  a  Schuler  loop  on  the  rotating  earth. 

The  linearized  error  equations  of  the  NIS  Including  the  altitude  channel  aided  by  a  barometric  altimeter 
are  summarized  on  the  next  page  (Eqs.  (7.3.23  to  7.3.29)) .  The  error  dynamics  of  the  altitude  channel  will 
be  discussed  In  Sections  7.3.5  and  8. 2. 1.1. 

The  theory  discussed  above  is  confirmed  in  the  measurements  of  a  modified  uncalibrated  LN-3  system  taken 
over  2  hours  in  the  laboratory  of  DFVIR  and  plotted  in  Fig.  7.3.5.  These  plots  chow  the  acceleration, 
velocity  and  position  errors:  large  Schuler  oscillations  as  well  as  the  initial  part  of  a  24-hour  oscilla¬ 
tion  are  excited  by  the  bias  errors  of  the  uncalibrated  gyros  and  accelerometers. 

The  LN-3  (s.  Fig.  7.4.5)  system  was  modified  in  the  following  way:  the  Schuler  loop  was  not  closed  via 
the  analog  computer  which  is  part  of  the  original  system,  but  via  a  Honeywell  DDP  527  computer. In  doing 
so  the  accelerometer  signals  were  tapped  and  converted  into  digital  format  by  a  16  bit  analog  to  digital 
converter  (DFVLR  design)  and  the  platform  slewing  rate  was  again  converted  from  digital  to  analog  format 
by  a  digital  to  analog  converter. 

The  NIS  in-flight  system  errors  differ  from  the  stationary  system  errors  by  the  manoeuvre-dependent 
cross-track  velocity  errors  (5Vn,E  «  +  £0  VE,N)  and  position  errors  (4Sn,E  *  ±  ED  $E  N  >  S.  Eqs. 

(7. 3. 21a, b)  and  (7.3.18  d  to  g)).  They  are  superposed  to  the  Schuler  oscillations  snjwn  in  Fig.  7.3.5. 


He  will  now  come  back  to  the  discussion  and  evaluation  of  the  state  space  error  equations  (7.3.23)  of  the 
NIS,  which  are  of  the  type  (7.3.4)  where  for  a  system  in  flight  the  matrix  F  has  time  varying  coefficients. 

A  general  solution  of  this  set  of  equations  cannot  be  obtained  without  considerable  simplifications.  In 
most  references  the  horizontal  acceleration  is  put  to  zero,  but  in  this  case  the  cross-track  error  of  the 
system  Is  not  taken  into  account  properly. 

In  order  to  be  able  to  judge  the  NIS  accuracy  over  more  than  2  hours  flight  time,  the  Eqs.  (7.3.23)  are 
solved  on  the  digital  computer  following  the  course  of  Eqs.  (7.3.4  to  8)  and  under  the  assumption  that  the 
coefficients  of  [  do  not  change  during  the  computation  cycle  increment  At. 

The  NIS  errors  resulting  from  this  numerical  integration  are  valid  for  one  set  of  initial  conditions, 
sensor  errors  and  one  aircraft  flight  profile  only.  Even  if  we  assume  in  a  simulation  that  the  flight  pro¬ 
file  does  not  change  from  day  to  day  we  may  still  not  predict  exactly  the  performance  of  the  system  since 
the  sensor  errors  and  the  Initial  misalignment  angles  of  the  platform  will  change. 

The  specification  of  sensors  on  the  manufacturer's  data  sheet  always  defines  an  accuracy  class  which  is 
obtained  from  the  test  results  of  a  great  number  of  different  samples.  Plotting  a  histogram  of  the  gyro 
test  results  after  bias  compensation,  the  test  engineer  will  certainly  obtain  a  distribution  similar  to 
Fig.  7.3.6a,  which  can  be  approximated  by  a  Gaussian-distribution  with  zero  mean  shown  in  Fig.  7.3.6b.  The 
same  will  hold  for  the  accelerometers  and  for  the  system  alignment  errors  which  are  related  to  the  sensor 
errors  as  we  have  seen  above  (s.  Eqs.  (7.3.19a  to  c)). 


Fig.  7.3.6  Histogram  for  the  Drift  Measurement  of  a  Certain  Type  of  Gyro  (a)  and  Approximation  by 
Gaussian  Probability  Density  Function  with  Zero  Mean  (b) 

Based  on  these  assumptions  a  more  general  statement  can  be  obtained  for  the  accuracy  of  systems  of  one 
class,  all  in  the  same  dynamic  environment,  by  applying  the  error  covariance  propagation  equation  [7.7]: 

£(t)  -  |(t,  t0)  £(t0)  |T(t,  t0)  ♦  g(At),  *  (7.3.30) 

where  the  first  term  on  the  right  hand  side  describes  the  covariance  propagation  within  the  time  Increment 
At*  t  -  tQ  and  the  second  term  the  covariance  Increase  due  to  white  noise.  This  relationship  Is  also 


Fig.  7.3.7a  lo-Horizontal  Misalignment  and  Heading  Error  of  an  Inertial  Navigation  System  with  North  Indicating  Platform 


Fig.  7.3.7c  lo-PosItion  Error  of  «n  Inertial  Navigation  Systea  with  North  Indicating  Platfona 
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used  In  the  Kalman  filter  algorithms  for  describing  the  systems  accuracy  during  the  optimal  estimation  pro¬ 
cess  [7.6  to  7.9]  . 

Day-to-day  changes  In  sensor  blac  have  to  be  Included  In  the  state  vector  x  as  Is  done  In  Eq.  (7.3.3) 
for  the  single  axis  Inertial  navigation  system. 


In  the  case  where  no  sensor  errors  and  no  noise  affect  the  single  axis  Inertial  navigation  system  (D[  > 
Off  •  Qi(At)  •  0)  we  obtain  the  following  time  dependent  covariance  matrix  with  the  Initial  uncertainties 


.  .  - 

cte0  and  Oy0  for  platform  misalignment  and  velocity. 


£(t) 


,f‘» 


cos*  wsAt  +  (-—)*  sin*  w  At 


2 

^  (oE0  RuS  -  -^|)  cos  uSAt  Sin  usAt 


Rid 


(o2  RwS  -  cos  u*At  sin  wSAt 

'  CO  - 


Ru 


cos2  wsAt  +  (o  Rw1)1  sin1  w*At ) 


Sv2 


.2  ,  .S. 


vo 


(7.3.31) 


On  the  main  diagonal  we  find  the  quadratic  sums  of  the  errors  In  Eqs.  (7. 3. 10a, b).  The  lo-values  of  the 
errors  with  Gaussian  distribution  are  the  square  roots  of  the  elements  on  the  main  diagonal: 

0i1  •  (7.3.32) 

In  Fig.  7,3.7a  to  c  the  lo  errors  of  an  HIS  are  plotted  over  a  6-hour  and  a  36-hour  period.  They  describe 
the  Gaussian  distribution  of  the  system  error  (s.  Fig.  7.3.6),  l.e.  with  a  probability  of  68  per  cent  the 
respective  system  error  Is  within  the  limits  Indicated,  under  the  condition  that  the  NIS  Is  within  the  class 
of  accuracy  marked  by  the  given  lo  alignment  and  sensor  errors. 

From  the  effect  of  the  various  uncorrelated  error  sources  on  the  position  error  In  Fig.  7.3.7c  the  fol¬ 
lowing  can  be  stated: 


-  As  V  •  0,  the  cross-track  error  does  not  become  significant. 

-  For  short  periods  of  up  to  1/2  h  In  the  north-south  channel  or  2  h  In  the  east-west  channel  the  Influen¬ 
ces  of  the  Initial  misalignment  and  of  the  accelerometer  bias  are  Identical,  which  can  be  explained  by 
the  fact  that  Initially  the  azimuth  misalignment  does  not  become  significant. 

-  In  the  north-south  channel  the  Initial  wlsallgmaent  causes  a  mean  position  error  Increasing  linearly 
with  time  -  according  to  Eq.  (7.3.17b)  the  azimuth  misalignment  has  the  effect  of  an  east-west  gyro 
drift. 

-  The  gyro  drifts  cause  a  mean  position  error  Increasing  linearly  with  time,  which  Is  due  mainly  to  the 
horizontal  gyros.  According  to  Eq.  (7.3.18f)  the  vertical  gyro  drift  of  a  stationary  NIS  after  a  time 

At  «  4/(tlcosp)  »  2h ,  (7.3.33) 

causes  the  same  mean  position  error  as  that  produced  by  an  east-west  gyro  drift  of  the  same  amount.  However 
at  longer  times  the  effect  of  this  vertical  gyro  drift  becomes  dominant. 


7.3.4  The  Circular  Error  Probable  (CEP)  In  the  Horizontal  Channels  of  a  North  Indicating  System  (NIS) 

The  covariance  matrix  describe  the  multidimensional  Gaussian  distribution  for  the  states  of  the  NIS 
errors. 

For  the  two  coaqponents  of  the  horizontal  velocity  error  or  position  error  this  distribution  Is  similar 
to  Fig.  7.3.8.  Horizontal  sections  through  this  distribution  are  error  ellipses  as  described  by  the  expo- 
nent  of  p(x j  In  Fig.  7.3.8  and  as  shown  In  Fig.  7.3.9  for  the  position  error  similar  to  Fig.  7.3.7c  at 
a  time  between  3  to  4  hours. 
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Fig.  7.3.8  Two  Dimensional  Gaussian  Distribution  Fig.  7.3.9  Covariance  Matrix,  Error  Ellipses  and 

Circular  Error  Probable  (CEP) 
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The  projection  of  the  ellipses  on  the  north-south  end  east-west  exes  ere  the  lo  values  obtelned  fro* 
Eq.  (7.3.32)  for  «SN  £. 

For  system  specification  these  lo  velues  In  the  two  axes  ere  not  to  convenient;  the  nenufecturer  gives 
the  ovarell  speclflcetlon  In  fora  of  the  CEP  (clrculer  error  probable)  velue  wnich  In  e  two-dimensional 
cese  Is  the  redlus  of  e  circle  around  the  mean  value  comprising  the  errors  with  SO  t  probability  unless 
otherwise  mentioned  (e.g.  CEPgo  corresponds  to  90  1  probability)* 

The  covariance  analysis  shows  that  the  CEP  In  the  one-dimensional  case  Is: 

CEP  ■  0.675  o.  (7.3.34) 

In  the  two  dimensional  case  the  CEP  value  can  be  obtained  from  Fin.  7.3.10.  once  the  uncorrelated  o- 
values  on  the  elliptic  Min  axes  are  known,  which  can  be  found  by  rotating  the  coordinate  frame.  One  may 
show  that  the  covariance  Mtrlx  In  a  rotated  coordinate  system  *  ■  j  «'  Is  defined  by 

£  -  ST  E’fi.  (7.3.35) 


Fig.  7.3.10  Probability  of  an  Error  Lying  within  a  Circle  of  Radius  cp(o  are  the  uncorrelated  standard 

deviations  In  x,y).  From  [7.33]  and  [7.14,  yF1g.  2.13]. 

Requiring  that  Its  components  are  uncorrelated,  I.e.  that  P'  has  components  on  the  Min  diagonal  only, 
we  find  for  the  angle  of  rotation 


a 


1 

7 


arc  tan 


2p  ox,  Oy I 


and  the  uncorrelbted  o-values: 


(7.3.36) 


In  the  example  of  Fig. 
o-values  aM  •  6.58  km,  Oy 
11.1km. 


♦  [«y2  *  oy,2)2  +  (2p  ox.  oy.)2]l/2)  (7.3.37) 

7.3.9  we  obtain,  with  ox'*  on  *  5.62  km  and  Oy’  ■  of  *  3.81  km,  the  uncorrelated 

•  1.98  km  and  the  50  *  and  90  3  probability  circles  CEP  •  5.0  km  and  CEP^  * 


The  CEP  contains  the  random  HIS  errors,  which  up  to  now  we  have  obtained  as  a  result  of  an  analysis  by 
assuming  random  sensor  errors  (s.  Fig.  7.3.6)  and  random  Initial  misalignment  errors.  4s  a  result  of  flight 
tests  the  CEP  has  to  be  understood  as 

-  for  a  single  system,  the  system  day-to-day  error  variation  about  a  Man  error  for  a  certain  flight 
profile  due  to  the  day-to-day  sensor  error  variation  about  the  mean  error; 

-  for  a  whole  class  of  systems,  the  perforaance  to  be  expected  from  this  systM  series  for  a  certain 
flight  profile. 


In  the  latter  case  It  Is  assumed  that  the  Mnuficturer  has  compensated  the  mean  error  of  the  sensors  to 
a  minimus  before  delivering  the  systems.  When  judging  the  systM  perforaance  the  cusUxeer  should  bear  In 
mind  the  randomness  of  the  CEP  and  the  effect  of  the  fllqht  profile  on  It.  This  randomness  also  means  that 
the  systM  perforaance  during  testing  may  have  been  better  on  a  "Sunday  flight"  than  on  a  "Monday  flight* 
and  the  Mnufacturer  My  tend  to  forgot  the  latter  one.  As  to  the  effect  of  the  flight  profile  one  should 
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realize  that  systma  perfoneance  My  also  ba  battar  on  a  flight  where  tha  aircraft  returns  to  tha  starting 
point  whan  tha  cross-track  arror,  for  Instance,  vanlshas  (s.  Eq.  (7.3.18)). 

7.3.5  Justification  of  tha  Decoupling  Between  tha  Vertical  and  Horizontal  Channals  In  an  INS  -  tha  Error 
Dynamksin  tha  Vertical  Channef 

So  far  wo  hava  discussed  tha  errors  In  tha  horizontal  channels  of  an  INS  only.  But  tha  decoupling  be¬ 
tween  tha  vertical  and  horizontal  channals  Is  justified  as  nay  ba  seen  from  Eqs.  (7.3.23)  to  (7.3.29). 

Tha  last  colurn  of  Eq.  (7.3.231  Indicates  that  an  altitude  arror  4h  causes  an  erroneous  platform  slewing, 
an  acceleration  arror  and  a  position  arror  slope.  Tha  altitude  rata  arror  «h  again  causes  an  acceleration 
error.  But  tha  estlMtlons  In  Eqs.  (7.3.26)  and  (7.3.27)  show  us  that  both  hava  a  negligible  affect  on  tha 
horizontal  channals. 


As  to  tha  affect  of  tha  horizontal  channals  on  tha  vertical  channel  wa  hava  to  consider  that  tha  exclu¬ 
sively  Inertlally  derived  altitude  1$  unstable, which  can  be  deduced  from  Figs.  8.2.1  and  7.3.3  or  Eq. 

(7.3.28)  by  cutting  off  tha  barqmetric  aiding  (put  T  -►  »).  If, for  tha  computation  of  g(h),Eq.  (2.36)  Is 
expressed  as  (g(h)  «  g0/(l+h/R)‘),  for  which  the  altituae  is  fed  back  from  tha  systeai  output,  the  eigenvalues 

m  -  ♦  (2g/R)1/Z  (7.3.38) 


escribe  the  unstable  error  growth  of 
B„ 

«h(t)  «  «h(o)  cosh  x  t  -  -jf  (1  -  cosh  x  t) 


(7.3.39) 


This  Is  plotted  as  a  function  of  time  in  Fig.  7.3.11. 


Fig.  7.3.11  Error  In  tha  Vertical  Channel  of  an  INS  Due  to  an  AcceleroMter  Bias 
The  “•rtlcal  channel  has  to  ba  aided  by  external  measurements  as  discussed  in  Section  8. 2. 1.1, 


7.  Other  Nachanlzations  of  Inertial  Systews 

In  the  NIS  the  geographical  coordinate  frame  Is  wechanized  with  the  accelerometers  measuring  the  vehi¬ 
cle’s  horizontal  motion  In  north-south  and  east-west  directions  from  which  the  computer  derives  velocity 
and  position  In  tha  same  directions.  Other  mechanizations  are  possible  where  the  acceleration  Is  measured 
In  othe-  directions  (wander  azimuth  platform,  strapdown  Inertial  measuring  unit.  Inertial  stabilized  plat¬ 
form).  -  ,e  on  earth  all.  In  coMon  with  the  NTS,  derive  by  means  of  the  computer  the  velocity  and 
posit ;<  north-south  and  east-west  directions. 

Ttw-e  systems  and  their  advantages  will  be  described  briefly  below.  Differences  and  commonalities  of 
the  error  propagation  of  all  systems  as  compared  to  the  NIS  are  discussed  In  the  next  section. 

7.4.1  Navigation  Based  on  Inertial  Measurements  in  the  Wander  Azimuth  Coordinate  Frame 

7. 4. 1.1  The  Platform  and  the  Command  Rates 

The  wander  azimuth  coordinate  fraM  (subscript  "a*,  s.  Fig.  7.4.1)  Is  defined  by  a  rotation  a  (the  wan¬ 
der  angle)  of  the  platform  about  the  vertical  axis  with  respect  to- the  navigational  frame,  so  that: 
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*  ujj*  *  (0  0  o)T,  (7.4.1) 

l.e.  the  wander  azlauth  angular  rata  a  Is  just  tht  difference  between  the  actual  vartical  platfora  slaving 
and  tha  vartical  rata  of  changa  of  tha  navigational  fraat  with  raspact  to  Inartlal  space. 


Fig.  7.4.1  Tha  Mandar  Angle  Coord mat a  Fraaa 


By  selactlng  different  relationships  for  a.  certain  advantages  My  be  obtained: 

-  by-pass  of  Coriolis  acceleration  (2J*  ♦  a**),  x  V,  (s.  Eq.  (7.2.4a))  in  the  horizontal  channels  which 
My  oe  advantageous  In  analog  computers, by  choosing: 

«•  -(Za1*  ♦  «••)„;  (7.4.2) 

-  by-pass  of  vertical  platfora  slewing  by  choosing 

i  -  (aie  +  (7.4.3) 

•  worldwide  Inertial  navigation.  Including  navigation  over  tha  poles,  by  not  slowing  tha  platfora  about 
the  vertical  axis  with  the  vehicle's  transport  rate  (s.  Eq.  (7.2.16) 

i  .  -a*"  -  -[Ve/(R£  +  h)]  tanp  ;  (7.4.4) 

Fig.  7.4.2  shows  a  block  diagram  of  this  kind  of  navigation  and  a  picture  of  the  Litton  ITN-72  in 
which  this  Is  InpleMnted; 


worldwide  Inertial  navigation  plus  reduction  of  gyro  drift  affects  on  systM  performance  by  slewing  the 
horizontal  sensors  on  tha  platform  with  tha  rata  of,  for  Instance,  1  revolution  par  ailnuta  about  the 
vertical  axis  with  raspact  to  the  vartical  gyro,  which  roMlns  unslewed;  tha  Delco  Carousel  IV  INS  Is 
Mechanized  In  this  way  as  Indicated  In  Fig.  /  .4.3. 


In  tha  Carousal  IV  INS  tha  output  signals  of  tha  horizontal  accelaroMters  rotating  with  6  «  1  RPM  with 
respect  to  the  unslawed  vertical  gyro  are  first  transformed  Into  tha  axes  of  the  vertical  gyro  using  the 
angle  B  as  Measured  by  a  synchro  between  tha  two  halves  of  the  platform  (s.  Fig.  7.4.31.  The  wander  azlauth 
l.a.  the  angle  between  tha  coaputer  and  the  navigational  coordinate  friMS,can  be  derived  froa  tha  follow¬ 
ing  relationship: 


•  in 

a  *  -Wj  *  -n  coap 


1RR  Un* 


(7.4.5) 


7. 4. 1.2  The  Navigation  Coaputer 

The  navigation  amqrutar  of  tha  wander  azlauth  INS  (s.  Fig.  7.4.2  and  7.4.3)  works  Internally  with  the 
velocity  vector: 

V,  *  (*x  -R)T.  (7.4.6) 

which  Is  obtained  froa  tha  acceleroMtar  outputs  by  laptamntlng  Eq.  (2.29)  with  the  subscript  *n*  replaced 
by  "a". 

The  velocities  In  the  geographic  coordinate  fraM  nay  be  coaputed  via 


(7.4.7) 
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where 


fine 


cosa 

sina 

^0 


-sina 

cosa 

0 


«  I 
0 

1 


(7.4.8) 


The  earth  rate  In  the  wander  azimuth  frame: 
u>a*  «  Jtn  wf  »  (Ocosip  cosa  -Ocos<p  sina  -fSinp)T 
and  the  wander  aziowth  rate  with  respect  to  the  earth 

<4 *  *  4"  +  s£*  ■  fian  “h"  +  t°  0 


t  u  ,cos2a  .  sin2a,  .  „  sin2a  ,S  ‘  ReA 

VT"  +  -  V-J  +  v*  -T- 


i/  /COS  q  ,  sin  ot\  u  sin2a  E\ 

*  TT1  •  (w~' 


jj— (V  cos  a  ♦  Vx  sin  a)  tamp  +  a 


are  added  up  for  slewing  the  platform. 

Position  computation  Is  based  on  the  following  integral  equation 
t 


Ce.W  *  Ce.«»  +  [  Cea  IT  *  - 


C11 

C12 

C13 

C21 

C22 

C23 

iC31 

C32 

C33 

where 


C“y 


o 

“x 


“y 

•“x 

o 


ea 


fa 
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(7.4.10) 


(7.4.11) 


(7.4.12) 


The  matrix  £M  can  also  be  interpreted  as  being  obtained  from  the  rotations  of  the  wander  azimuth  with 
respect  to  the  earth-fixed  frame  via  the  angles  AX,.p  ,  a  (s.  Fig.  7.4.1): 

(  cos<p  cosa  -cosip  sina  -simp  ^ 


fiea  *  fien  fii 


en  »na 


-sinvp  sin  AX  cosa  sinip  sin  AX  sina  -cosq>  sin  AX 
+cos  AX  sina  +cos  AX  cosa 


I  simp  cos  AX  cosa  -simp  cos  AX  sina  cosp  cos  AX 
^+sin  AX  sina  +sin  AX  cosa 


(7.4.13) 


Equalizing  the  elements  of  (7.4.11  and  13),  the  geographic  position  and  true  north  can  be  computed  using: 


simp  *  -C^3  tanAX  *  — C23/C33  tana  *  *^12^^11*  (7.4.14a, b,c) 

Although  singularities  do  exist  In  the  computation  of  the  latitude  p  and  the  wander  azimuth  a  at  the 
geographic  poles,  the  computation  of  the  matrix  £ea(t)  does  not  have  singularities  so  that  the  continuity 
of  inertial  navigation  is  assured  on  a  polar  flight  and  p  and  a  are  again  correctly  computed  shortly  after 
passage  of  a  pole. 

According  to  [7.141  the  integration  of  Eq.  (7.4.11)  has  to  be  executed  with  26  bit  words  and  the  inte¬ 
gration  of  the  acceleration  with  17  bit  words  if  the  corresponding  drift  is  to  be  kept  below  1/1000  °/h. 

7.4.2  navigation  Based  on  Inertial  Measurements  in  the  Pseudo-Pole  Coordinate  Frame 

Worltoide  inertial  navigation  In  the  wander  azimuth  coordinate  frame  just  discussed  requires  a  digi¬ 
tal  computer.  For  an  INS  equipped  with  an  analog  computer  the  pseudo-pole  coordinate  frame  opens  the 
way  for  inertial  navigation  in  the  polar  region.  The  Litton  LN-3  and  IN-12  systems  operate  in  this  fashion. 

The  pseudo-pole  frame  (subscript  s.  Fig.  7.4.4)  can  be  looked  upon  as  a  special  case  of  the  wander 

azimuth  frame.  Its  z^-axis  Is  also  aligned  witn  the  normal  to  the  reference  ellipsoid  and  its  x-,  y-axes 
are  rotated  with  the  convergence  angle  a  with  respect  to  true  north. 

The  pseudo-pole  of  this  coordinate  frame  is  located  at  the  geographic  equator  as  shown  in  Fig.  7.4.4, 
which  as  compared  to  the  navigational  coordinate  frame  (V)  is  achieved  by  rotating  its  axes  in  a  reversed 
sequence  of  rotation  with  respect  to  the  earth  fixed  coordinate  frame  (*e‘);  a  first  rotation  about  the 
east-west  axis  through  the  angle  p  and  a  second  rotation  about  the  initial  north-south  axis  through  the 
angle  o.  The  corresponding  transformation  matrix  from  V  to  *e‘  1$  thus 


Fig.  7.4.4  The  Navigational  and  the  Pseudo-Pole  Coordinate  Frames 


-sin  a  Sin  11 


Sin  a  cos  u 


•cos  a  sin  u 
-sin  o 
cos  o  cos  n 


The  rate  of  change  of  o  and  11  Is  related  to  the  velocities  V  In  the  following  way: 


•  Vy 

o  « ycoso  •  ,  (/.a.ioa.o) 

whereby  R»,y  theoretically  have  to  be  computed  with  the  aid  of  Eg.  (Z.16)  for  ♦  replaced  by  a;  In  the  LN-3 
they  are  kept  constant. 


(7.4.15) 


(7.4.16a.b) 


The  sum  of  earth  rate 


ik*  *  fie*  ^e*  "  s’n  0  s1n  w 

(1  cos  o  sin  y 


n  cos  y 


(7.4.17) 


and  transport  rate 
o 

-y  cos  o  *  (7.4.18) 

y  sin  o  .-(Vx/Rx)  t,n  0 

is  used  for  slewing  the  platform.  How  this  Is  accomplished  with  only  analog  hardware  Is  Indicated  In  the 
simplified  block  diagram  of  the  IN-3  Schuler  loops  In  Fig.  7.4.5. 

The  LN-3  system  does  not  navigate  In  absolute  coordinates  (longitude  and  latitude)  but  In  heading  and 
distance  to  preselected  waypoints,  whereby  the  heading  Is  referenced  to  the  so-called  “grid  heading  , 
differing  from  the  north-referenced  heading  by  the  wander  azimuth  angle  a.  The  corresponding  computation 
is  carried  out  In  a  separate  analog  computer,  the  so-called  "position  and  homing  indicator  (PHI)  based  on 
the  position  Increments  Ao  and  Ay  from  the  LN-3  analog  computer  and  the  grid  heading  from  the  platform. 

From  Fig.  7.4.4  and  Eqs.  (7.4.17  and  18)  It  Is  obvious  that  the  vertical  slew  rate  Is  Infinite  at  the 
pseudo-pole.  Since  the  Initial  meridian  (pseudo  equator)  can  be  chosen  freely,  any  crossing  of  the  pseudo¬ 
pole  can  be  circumvented.  For  fighter  aircraft  this  problem  does  not  arise  In  general  since  their  range 
of  operation  is  limited.  Thus  the  LN-3  INS  Is  designed  for  ♦  25°  In  o  only,  corresponding  to  a  range  of 
+  3000  km. 

If  the  LN-3  system  Is  used  as  a  flight  test  reference  system  It  is  of  Interest  to  know  the  relation¬ 
ships  between  the  system  velocity  (V„,v)  and  position  (o.y)  and  the  geographic  velocity  (VN  r)  and  lati¬ 
tude  and  longitude  (<p,X).  They  may  be  derived  from  the  fact  that  the  pseudo-pole  coordinate  frame  Is  a  spe¬ 
cial  wander  azimuth  frame  and  we  set  equal  the  elements  of  £oa  and  In  Eqs.  (7.4.15)  and  (7.4.13).  So 
we  find 

slop  •  cos  o  sin  y  slno  ■  cosp  sin  AX  cos  o  cosy  »  cosip  cos  AX 

sina  •  sin' a  sin  u/cosp. 

Knowing  a  we  obtain  with  Eqs.  (7.4.8)  and  (7.4.7). 


(7.4.19) 


Fig.  7.4.S  The  Litton  LN-SA  Inertial  Navigation  System  end  Functional  Diagram  of  its  Analog 
Schuler  Loops  for  Navigating  in  the  Pseudo-Pole  Coordinate  Frame 
(x,y  pointing  east,  north) 
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7.4.3  Navigation  Based  on  Inertial  Measurements  In  the  Space-Stabilized  Coordinate  Frame 
Inertial  navigation  systems  with  space-stabilized  platforms  are  used  for: 

-  space  navigation 


-  terrestrial  navigation  when  the  platform  is  equipped  with  electrostatically  supported  gyros  which  are 
not  torqued  in  the  navigation  mode. 

figs.  7.4.6a,b  show  two  possible  configurations  for  inertial  navigation  with  a  space- stabilized  system. 


The  first  configuration  in  Fig.  7.4.6a  seems  very  simple  on  first  sight.  It  is  Implemented  in  the 
Honeywell  ESGN  (electrically  suspended  gyro  navigator)  for  marine  application  and  the  Honeywell  GEANS 
(gimballed  ESG  aircraft  navigation  system)  [7.15] .  The  navigation  is  carried  out  in  the  inertial  frame  by 
the  double  integration  in  the  computer  of: 


»  f . 


-Vii  («i>- 


(7.4.20) 


Once  is  known  it  can  be  converted  into  the  geodetic  latitude  *c  and  celestial  longitude  A.  For  de¬ 
riving  tTie  corresponding  relationships  we  transform  the  radius  vector  R„  in  the  navigational  frame  into 
the  inertial  frame  R<  «  Rp  with 

(  eosipc  0  -sin tp c  1 


Cin 


sing)  sin  AA 


cos  M 


-cosip  sin  AA 


(7.4.21) 


simp  cos  AA  sin  AA 


cosp  cos  AA 


Fig.  7.4.6  Two  Kinds  of  Inertial  Navigation  Using  Space-Stabilized  Platforms 


So  we  find  the  relationships  for  computing  <pc  and  AA  as: 


-cospc  sinAA 
cospc  cosAA 


(7.4.22) 


The  geographic  latitude  is  derived  from  Eq.  (2.11)  and  the  geographic  longitude  from  Eq.  (7.2.8). 

The  difficulty  of  this  first  Implementation  lies  in  the  exact  modelling  of  the  earth's  mass  attraction 
G(R^)  in  Eq.  (7.4.20)  for  which  we  find  assumptions  in  [7.15.  Chapter  4.  Because  of  the  instability  of 
The  vertical  channel,  treated  In  Section  7.3.S  and  Chapter  8,  the  computation  of  GfR^ )  is  based  on  external 
altitude. measurement?  as  indicated  in  Fig.  7.4.6. 

In  the  second  implementation  of  Fig.  7.4.6b  the  acceleration  vector  fj  measured  in  the  inertial  frame 
is  transformed  into  the  navigational  frame  via  the  transposition  of  Eq.  (7.4.21). 

Inertial  navigation  is  then  carried  out  in  the  conventional  way  (s.  Fig.  7.3.4  ).  This  relationship  does 
not  require  the  modelling  of  <y  (ft)). 

^  The  Autonetics  ESGM  (electrostatically  suspended  gyro  monitor)  for  marine  application  works  in  this  way 
7.4.4  Navigation  Based  on  Inertial  Measurements  in  the  Body-Fixed  Coordinate  Frame  (Strapdown  Systems  SOS) 


7.4.4. 1  The  Functioning  of  Strapdown  Systems 


In  the  preceding  sections  the  functioning  of  inertial  navigational  systems  with  a  girabal -suspension 
gyro-stabilized  platform  as  an  inertial  measurement  unit  has  been  dealt  with.  There  are  also  inertial  navi¬ 
gational  systems  available  in  which  gyros  and  accelerometers  are  directly  mounted  to  the  vehicle,  literally 
strapped  down  to  it. 

Fig.  7.4.7  shows  an  inertial  platform  in  comparison  to  a  strapdown  sensor  block.  The  former  is  a  design 
of  the  sixties  -  showing  the  platform  of  the  Litton  LN-3A  system  suspended  in  four  gimbal  frames.  The  fi¬ 
gure  provides  an  idea  of  the  complex  mechanical  set-up  required  for  such  a  system.  The  mechanics  of  the 
strapdown  measurement  unit  (Steinheil  Lear  Siegler  LBFK)  are  considerably  simpler. 

By  comparing  Fig.  7.4.8  with  Fig.  7.2.1  we  will  try  to  come  to  an  understanding  of  some  characte¬ 
ristics  of  strapdown  systems.  In  Fig.  7.4.8  one  can  see  that  the  wind  vane  is  now  transfered 
into  the  computer,  i.e.,  the  information  of  the  north  direction  and  the  vertical  is  now  no  longer  physi¬ 
cally  given  In  the  platform  as  in  Fig.  7.2.1,  but  analytically  stored  in  a  transformation  matrix  Cnb  for  the 
transformation  of  a  vector  from  the  body-fixed  "b“  coordinate  system  into  the  “n"  or  navigational~coordi- 
nate  system.  The  part  on  the  right  of  £nb  presents  the  structure  of  the  navigational  computation  and  in 
this  case  is  identical  with  that  of  the  platform  system.  The  part  left  of  it  Is  different.  Ue  see  the  sensors 
directly  mounted  to  the  vehicle.  The  gyros  are  used  for  the  direct  measurement  ot  the  vehicle's  rotation 
<4b  of  the  body-fixed  coordinate  system  with  respect  to  the  inertial  coordinate  system.  Contrary  to  the 
platform  system  where  they  had  to  provide  "or  its  stabilization  as  null  sensors,  t.iey  are  here  equipped 
with  signal  readout  electronics  similar  to  accelerometers,  Their  output  signal  is  fed  to  the  computer  for 
the  integration  of  the  transformation  matrix  based  on  the  formula: 


*  WV  +  (  WT>  rbv> dT 

0 

with  (s.  [7.26]) 
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where  *,e  and  ip  are  the  roll,  pitch  and  yaw  angles  of  the  aircraft  and 


(7.4.25) 


The  components  of  the  n-matrix  are  derived  from  the  body-fixed  gyro  output  and  the  Schuler  feedback 
u'"’  in  the  computer  (s.  Fig.  7.4.8)  according  to: 


nb  1b  in  1b  r  in 
“b  *  “b  ‘  Sb  *  %  *  Cbn  ifin 

where  is  the  sum  of  Eqs.  (7.2.15)  and  (7.2.16). 


(7.4.26) 


Because  of  the  similarity  of  the  navigational  computation  including  the  Schuler  feedback  loops  in  Figs. 
7.4.8  and  7.2.1  we  may  conclude  that  in  a  stationary  strapdown  system  the  navigational  errors  will  also 
be  subject  to  oscillations  of  the  Schuler  period  of  84.4  minutes  and  of  a  superposed  24-hour  period  as  dis¬ 
cussed  in  Section  7.3  for  the  platform  system.  We  may  also  deduce  from  this  similarity  between  platform 
and  strapdown  systems  that  the  same  physical  rules  will  hold  for  the  latter  one,  i.e.  especially  the  rule 
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of  thumb  that  a  navigation  accuracy  of  1  km/h  requires  an  angular  rate  measurement  error  In  the  order  ^f 
<0.01o/h(s.  Eq.  (7.3.11))  which  also  includes  the  "drift"  of  the  signal  processing  In  the  computer.  This 
leaves  an  impression  of  the  tight  requirements  put  on  the  gyros  and  their  readout. 

In  summary  we  may  state  that  the  transformation  matrix  Cib  in  a  strapdown  system  without  Schuler 
feedback  plays  the  sane  role  as  the  gyro-stabilized  platform.  Thus  all  mechanizations  discussed  in  the  pre¬ 
vious  sections  for  platform  systems  (Inertial  navigation  and  attitude  and  heading  reference  systems)  are 
in  principle  also  possible  in  strapdown  technique.  The  methods  for  the  initial  alignment  of  platform  and 
strapdown  systems  are  equally  very  similar  as  will  be  shown  in  Section  7.6. 

A  literature  survey  on  strapdown  navigation  technology  covering  the  aspects  of  concepts,  components, 
analysis,  error  generation  and  propagation,  data  processing  and  reliability  is  presented  In  [7,17].  A  com¬ 
prehensive  overview  on  strapdown  theory  and  application  is  given  in  [7.18]. 

7. 4. 4. 2  Advantages  of  Strapdown  Systems 

Figure  7.4.8  reveals  one  essential  advantage  of  the  strapdown  system  as  compared  to  the  gimballed  plat¬ 
form  system:  the  inertial  measurement  unit  provides  additional  measurement  signals  which  are  essential  for 
flight  guidance,  instrumentation,  and  especially  for  flight  tests.  Those  are  the  body-fixed  measured  acce¬ 
lerations  and  angular  rates.  The  above  mentioned  information  on  the  flight  attitude,  heading,  the  accele¬ 
ration  and  velocity  relative  to  the  earth  as  well  as  the  position  is  provided,  as  it  is  in  platform 
systems. 

In  the  platform  system  the  information  on  the  reference  coordinate  frame  stored  in  the  gyros  is  mechani¬ 
cally  transferred  to  the  accelerometers.  In  the  strapdown  system  the  gyros  provide  output  signals  on  the 
rate  of  change  of  the  vehicle's  attitude  with  respect  to  the  inertial  frame,  which  is  used  in  the  computer 
for  the  calculation  of  the  reference  coordinate  frame.  This  has  disadvantages  as  regards  the  overall  navi¬ 
gation  accuracy,  but  also  essential  advantages  as  regards  the  resolution  of  the  attitude  and  attitude  rate 
information,  the  implementation  of  reliability  and  the  flexibility  of  the  use  of  strapdown  systems. 

Let  us  first  have  a  lock  at  the  reliability  of  inertial  navigation  in  plattform  and  strapdown  usage. 
Platform  systems  now  available  on  the  market  can,  for  instance,  no  longer  be  operated  if  there  is  failure 
of  one  gyro.  The  sensors  still  functioning  on  the  platform  can  no  longer  be  used  for  the  navigation. 

For  a  reliable  inertial  navigation  three  complete  platform  systems  inclusive  of  computers  are  used. 

This  method  is  applied,  for  instance,  by  the  airlines  for  meeting  the  requirements  for  Category  III  landing 
(s.  Fig.  7.4.3).  The  resulting  increase  in  system  reliability  R,  i.e.  the  probability  of  mission  success, 
can  be  estimated  from  Fig.  7.4.9. 

In  this  diagram  R  is  plotted  over  the  ratio  of  mission  time  t  divided  by  the  MTBF  (mean  time  between 
failure)  T  of  one  sensor  for  different  set-ups  of  redundant  configurations.  According  to  experience  the 
MTBF  of  mechanical  gyros  is  in  the  order  of  magnitude  of: 

10,000  h  <  T  <  20,000  h.  (7.4.27) 


Fig.  7.4.9  is  taken  from  [7.19]  and  is  derived  for  the  reliability  of  angular  rate  measurements  with  a 
strapdown  system.  For  a  rough  estimate  we  may  use  it  also  for  reliability  aspects  of  gyro  stabilization. 

Although  the  reliability  of  a  system  having  three  Independent  platforms  with  failure  identification 
through  comparison  is  better  than  that  of  a  single  platform  (e.g.  a  doubling  of  mission  time  for  R  *  90  1), 
it  is  less  than  that  of  a  platform  with  three  sensors  on  each  axis  where  the  defective  gyro  can  be  found 
by  comparison  and  the  remaining  functioning  gyros  can  be  still  be  used.  Note  that  the  same  number  of  gyros 
is  used  in  each  case  (three  systems  side  by  side  or  one  system  with  three  sensors  on  each  axis),  confirming 
the  general  rule  of  system  layout  for  reliability  by  whicn  it  is  more  advantageous  to  implement  redundancy 
at  the  sensor  level  rather  than  at  the  system  level. 

In  platform  techniques  one  does  not  triple  the  number  of  sensors  per  measurement  axis.  The  system  would 
become  very  complex  and  there  are  specific  construction  "bottlenecks"  such  as  sliprings  and  torque  motors 
making  this  design  impracticable. 

This  redundant  sensor  arrangement  and  their  use  for  the  increase  in  reliability  can  be  Implemented  in 
strapdown  systems  without  loss  in  efficiency  from  the  bottlenecks  jsut  mentioned. 

Fig.  7.4.9  shows,  however,  another  solution  for  strapdown  systems  which  is  still  more  advantageous  and 
cheaper  -  sensors  are  oriented  with  their  measurement  axes  normal  to  the  planes  of  a  dodecahedron.  The 
included  angle  between  any  adjacent  pair  of  measurement  axes  is  approximately  63°.  In  the  Strapdown  Inertial 
Reference  Unit  (SIRU)  system  described  in  [7.19]  failure  identification  is  still  possible  when  two  sensors 
have  failed,  and  failure  discovery  when  three  sensors  have  failed.  The  accuracy  of  SIRU  Is  of  course  affected 
if  a  sensor  has  failed;  in  comparison  with  that  of  a  conventional  system  with  three  gyros  in  an  orthogonal 
arrangement,  SIRU  however  still  has  the  same  system  error  if  two  sensors  have  failed;  for  all  sensors  ope¬ 
rating,  the  system  error  is  30  per  cent  smaller. 

The  other  advantage  of  strapdown  as  compared  to  platform  techniques  indicated  above  is  Illustrated  by 
the  fact  that  one  single  strapdown  inertial  measurement  unit  mounted,  for  Instance,  on  the  turret  of  a  tank 
can  be  used  not  only  for  precision  pointing  of  a  weapon  but  also  for  navigation.  Corresponding  concepts  are 
discussed  in  [7.20  and  7.21], 
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sensor  axis 


axis  of 

coordinate  frame 


Fig.  7.4.9  System  Reliability  as  a  Function  of  Operating  Hours  for  Different  Configurations  |7.19| 

Summarizing  we  can  state: 

-  In  the  field  of  avionics  and  flight  test  instrumentation  one  can  predict  as  a  future  trend  that  one 
strapdown  measurement  unit  will  be  used  for  taking  over  the  functions  of  the  totality  of  gyro  instru¬ 
ments  that  are  on  board  an  aircraft  today  (rate  gyro,  vertical  and  heading  references  and  inertial 
platforms) . 

-  The  high  reliability  required  for  flight  guidance  and  navigation  can  be  implemented  in  a  more  elegant 
way  in  strapdown  techniques  than  in  platform  techniques. 

-  Modular  strapdown  sensor  units  can  easily  be  adapted  to  specific  applications  facilitating  the  record' 
keeping  for  the  ground  instruments  and  the  spare  parts  as  well* as  the  maintenance  of  the  systems. 

-  In  terms  of  cost  of  acquisition  and  maintenance,  strapdown  systeais  will  certainly  be  superior  to  the 
platform  systems. 


This  will  not  mean  that  inertial  platforms  will  no  longer  be  used.  In  the  near  future  they  will  certain¬ 
ly  remain  superior  to  strapdown  systems  as  far  as  their  accuracy  is  concerned.  Problems  affecting  the 
strapdown  system  accuracy  are  discussed  in  Chapter  3  with  regard  to  sensors  and  will  be  discussed  In  the 
next  few  sections  with  regard  to  the  computer. 
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7. 4. 4. 3  The  Strapdown  Computer 

In  the  discussion  of  strapdown  computer  algorithms  we  have  to  concentrate  on  the  computation  of  the 
transformation  matrix  £nt>  only  and  on  the  transformation  of  the  acceleration  vector  from  the  body-fixed 
frame  to  the  navigational  frame 

In  '  Snb  <7.4.28) 

For  the  remaining  computation  In  an  Inertial  navigation  or  attitude  and  heading  reference  system  (AHRS) 
the  reader  Is  referred  to  the  previous  sections  describing  the  same  problems  for  platform  application. 

The  highly  accurate  sensor  readout  Is  done  in  Increments  as  described  in  Chapter  4,  with  each  pulse  coming 
from  the  reset  counters  of  the  accelerometers  as  a  velocity  Increment  Av  (<  1  nm/s)  and  coming  from  the  reset 
counters  of  the  gyros  as  an  angle  increment  3  arc  sec). 

The  transformation  matrix  £nb  Is  updated  from  the  gyro  measurements  and  the  Schuler  feedback  (s.  Eqs. 
(7.4.24)  to  (7.4.26)  and  Fig.  7.4.8)  and  the  corresponding  accuracy  requirements  are  described  by  the  fol¬ 
lowing  facts: 

-  the  unit  vectors  of  the  n-coordinate  frame  after  transformation  from  the  b  coordinate  frame  must  re¬ 
main  orthogonal 

-  the  unit  vectors  must  keep  their  unity  length,  l.e.  Jnb  must  remain  normal 

-  the  drift  of  £„(,  must  be  lower  than  the  gyro  drift. 

There  are  several  choices  for  the  ^-updating,  described  more  In  detail  in  [7-18]  and  [7.22]  to’  [7.25] 
and  briefly  sumnarized  below. 

7. 4. 4. 3.1  The  Direction  Cosine  Update 

The  direction  cosine  update  is  carried  out  according  to  the  numerical  Integration  of  Eqs.  (7.4.23)  to 
(7.4.26).  Only  three  of  the  nine  elements  C-|j  (i,j  >  1,2,3)  of  the  Cnb  matrix  can  be  computed  Independent¬ 
ly  from  the  three  measurements.  The  remaining  six  equations  are  derived  from  the  condition  of  normality: 

C1I  +  C12  +  C13  *  1  (7.4.29a) 

or 

Cli  +  C21  +  C31  *  1  (7.4.29b) 

with  1  •  1,2,3 

and  the  condition  of  orthogonality,  when  the  product  of  two  unit  vectors  vanishes: 


C11  Cjl  +  C12  Cj2  +  C13  Cj3  “  0 

(7.4.30a) 

or 

C11  Clj  +  C21  C2j  +  C3i  C3j  *  0 

(7.4.30b) 

with  1  •  1,2,3  and  j  «  1,2,3  but  i  i*  j. 

The  following  relationship  is  equivalent  with  Eq.  (7.4.30): 

C1j  *  ~Aij  (7.4.30c) 

with  Aj j  »  cofactor. 

The  direction  cosine  update  thus  always  gives  an  orthogonal  and  normal  matrix,  briefly  called  an  ortho¬ 
normal  matrix.  The  computational  burden  is  higher  as  compared  to  the  quaternions  mentioned  below  (s.  [7.18] 
and  [7.22]  to  [7.25]). 

7. 4. 4. 3. 2  The  Euler  Angle  Update 


The  relationships  between  the  rate  of  chanae  of  the  vehicle's  roll  (t).  pitch  (0)  and  yaw  (t)  angles  and 
the  body  fixed  angular  rates  u)x,y,z  sr«  (*•  [7.26]): 
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(7.4.31a,b,c) 


These  differential  equations  can  be  Integrated  at  high  speed  In  the  computer  and  the  transformation  ma 
trlx  jjnb  assembled  according  to  Eq.  (7.4.24b)  just  prior  to  the  transformation  of  the  acceleration. 


This  three  parameter  transformation  matrix  update  always  results  in  an  orthogonal  matrix  but  has  a  sin¬ 
gularity  at  9  ■  +  90°  (s.  Eq.  (7.4.31))  ca^Mrable  to  "glmbel  lock"  of  a  three-glabal  platform  (s.  Section 
5.4).  It  requires  the  computation  of  trlgonoamtrlc  functions  and  Is  only  of  advantage  In  special  cases 

[7.2  n- 
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7. 4. 4. 3. 3  The  Quaternion  Update  Algorithms 


This  procedure  Is  aost  widely  used  In  present  strapdown  systems  and  will  be  discussed  sore  In  detail 
based  on  [7.18]  and  [7. 22]  to  [7.25]. 

The  orientation  of  a  coordinate  frame  (subscript  n)  with  respect  to  a  reference  fraae  (subscript  b)  can 
be  uniquely  described  by  one  rotation  through  an  angle  d  about  one  axis  defined  with  respect  to  the  refe¬ 
rence  fraae  through  the  tffiee  direction  cosines,  l.e.  through  TKe  coordinates  of  Its  three  unit  vectors 
(s.  Fig.  7.4.101. 


Fig.  7.4.10  Illustration  of  The  Paraaeters  Describing  Quaternions 
These  four  paraaeters  are  caaprlsed  In  the  four  quaternion  eleaents 
q0  «  cos  6/2 
q3  »  cos  o  sin  d/2 
q2  «  cos  8  sin  d/2 

q3  ■  cos  y  sin  d/2.  (7.4.32a  to  d) 

The  quaternion  £'  Is  written  as  a  one  dlaensional  aatrlx 

S'  ■  (%  A)T  *  (qo  ql  q2  q3>T.  (7.4.33) 

l.e.,  as  a  coablnatlon  of  a  scalar  qg  and  a  vector  q  with  the  orthogonal  coaponents  q,  7  ,.  Such  a  combi- 
nation  will  be  narked  also  In  the  following  by  a  prime.  1,4,0 

Froa  Eq.  (7.4.32)  It  Is  obvious  that  a  aeanlngful  set  of  quaternion  eleaents  has  to  satisfy  the  condi¬ 
tion  of  normality,  the  so-called  nora  N(g)  being: 


N(q) 


1. 


(7.4.34) 


The  transformation  matrix  fog  is  composed  of  the  quaternion  eleaents  In  the  following  way 

<qo +  <if  -  q|  -  dg)  2(qx  •  -  q0  •  i3)  z(<>i  *  i3  +  q0  •  q2> 

£nb  *  Z*ql  '  q2  +  qo  '  q3>  <qo  +  q2  '  ql  •  q3^  Z<q2  '  q3  ‘  qo  '  ql)  (7.4.35) 

2(ql  -  q3  -  %  '  q2)  2<qo  '  ql  +  q2  '  q3>  <qo  +  q3  *  ql  '  q2>  • 

’ 

The  quaternion  update  Is  based  on  the  differential  equation: 

q'(t)  «  Q(t)  w’(t)/2,  (7.4.36) 

which  1$  programed  In  the  computer  as: 

a’(t)  ■  Q(t-Ts)  X'{t).,  (7.4.37) 

where 
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(7.4.38) 


(7.4.39) 


(7.4.40) 


^(t)  x2(t) 

The  components  of  X'  are  derived  fro*  the  angular  Increments  o*( t)  delivered  by  the  gyros  and  the  Schu- 
ler-feedback  (s.  Eq.  (7.4.26) )  for  the  time  Increment  from  t-T*  to  t. 
t 


i#(t)  *  £  ^  o>('t)  dT  «  (i*x  i#z)  ■ 

Different  approximations  for  x  are  derived  In  [7.22]  to  [7.25]  : 


(7.4.41) 
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)T  1st  approximation 
)T  2nd  approximation 


»(t-Ts)x  «(t))T  3rd  approximation. 


( 7 .4.42  7 


The  first  approximation  needs  no  further  comment,  the  second  approximation  gives  a  correction  to  the 
scalar  part  of  and  the  third  approximation  to  the  vector  part  Including  the  angle  Increment  of  the  pre¬ 
vious  cycle. 

The  quaternion  always  results  In  an  orthogonal  transformation  matrix  but  requires  normalization  due  to 
numerical  errors.  This  can  be  carried  out  at  a  much  lower  rate,  for  instance  every  10th  update  cycle  based 
on  the  following  equations  (s.  [7.22]  to  [7.25]): 


^ew  *  WWq»1/2- 

Based  on  Eqs.  (7. 4. 24a, b)  and  (7.4.35)  the  Euler  angles  are  computed  as  follows: 
-1  Z<qo  ql  +  q2  q3> 


(7.4.43) 
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(7.t.44a,b,c) 


For  the  Initialization  of  Eq.  (7.4.37)  based  on  known  elements  of  J  ,  or  koovm  Euler  angles  the  follow¬ 
ing  relationships  can  be  used: 

qo-7<1+Cll+C22+C33>l/Z 


ql  *  ^C32  *  C23^(4  %) 
q2  *  (C13  ’  C3l)A<  %) 

q3  "  ^^21  ”  ^12^4  90)  (7.4,45aad) 

These  equations  have  a  singularity  for  q  •  0,  l.e.  for  the  strapdown  system  pointing  south  (V  ■  180°). 
A  more  general  strategy  for  initial izatlun  flthout  constraints  is  presented  In  [7. 28]. 

7. 4. 4. 3. 4  Errors  in  the  Computation  of  the  Transformation  Matrix 

Errors  In  the  computation  of  the  transformation  matrix  are  caused 

-  by  the  drift  of  the  gyros  or  the  errors  In  the  Schuler  feedback  signals 

-  by  the  so-called  pseudoconlng  error 

-  by  computational  errors  In  the  computer. 
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Since  In  4  strapdown  system  the  gyro  axes  are  body-fixed,  the  effects  of  gyro  drift  differ  considerably 
as  coopered  to  platform  systems.  When  the  aircraft  changes  Its  heading  the  gyro  drift  builds  up  an  error 
angle  In  a  different  direction  and  Its  overall  effect  on  system  performance  Is  reduced. 

We  will  see  In  a  following  section  that  the  requirements  for  the  strapdown  accelerometers  as  compared 
to  platform  accelerometers  are  more  stringent  In  a  maneuvering  aircraft. 

For  understanding  the  pseudoconlng  error  let  us  first  have  a  look  at  the  kinematics  of  the  coning  motion 
shown  in  Fig.  7.4.11 .  We  assume  the  x  and  y  axes  of  the  strapdown  Inertial  measurement  unit  (IHU)  to  be 
horizontal  and  to  carry  out  angular  vibrations  of 

wjj  ■  a  a  sin  ftt  ■  I 

<Uy  »  6  0  sin  (Q  t+  f)  «  4  (7. 4. 46a, b) 

with  *  and  5  being  the  roll  and  pitch  angular  rates  (s.  Eqs.  (7. 4. 31a, b)).  If  the  yaw  rate  i  of  the  IHU  re¬ 
mains  zero  In  the  mean 

i  •  0.  (7.4.47) 

the  vertical  gyro  will  measure  a  mean  angular  rate  of 

Wj  «  -y  o6  Q  sin  a.  (7.4,48) 


Fig.  7.4.11  The  Coning  Notion 

From  this  we  may  deduce  that  a  pseudoconlng  drift  can  arise: 

-  If  the  phase  of  a  two-axes  angular  vibration  is  not  correctly  detected,  e.g.  due  to  bandwidth  limi¬ 
tation  of  the  sensois.of  the  signal  readout  or  of  the'  quaternion  update  process 

-  If  a  single-axis  angular  vibration  Is  erronously  measured  as  a  two-axes  measurement,  e.g.  due  to  the 
angular  acceleration  sensitive  drift  of  mechanical  gyros  (s.  Tables  3.Z.lb  and  3.2. Zb) 

-  if  the  sequence  of  processing  of  a  two  axis  angular  vibration  io  the  computer  Is  not  correct,  thus 
causing  a  phase  shift. 

The  first  may  be  present  In  Inertial  navigation  systems  employing  laser  gyros  with  mechanical  dither 
lock-in  compensation.  In  the  Honeywell  laser  INS  this  1$  taken  care  of  by  a  special  coning  electronics. 

The  latter  1$  called  ‘commutation  error*  which  gives  us  a  keyword  for  the  computational  errors  In  the 
computer,  mentioned  above.  They  are  caused  by  the  fact  that  the  transformation  matrix  update  algorithms 
are  solved  In  the  digital  computer  sequentially  and  In  quantized  Increments.  This  approximation  to  a  con' 
tlnuous  process  results  In  the  following  errors  (s.  [7.18]  and  [7.2SQ  to  [7.25]): 

-  the  commutation  errors  (s.  above) 

-  the  numerical  Integration  errors 

-  the  round-off  errors 

-  the  quantization  errors. 

The  numerical  Integration  errors  arise  from  the  fact  that  the  differential  equation  (7.4.36)  for  the 
quaternions,  for  instance,  having  time  varying  Q  (t)  and  «' (t)  Is  approximated  by  a  difference  equation 
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with  Q  (t-AT)  taken  at  the  beginning  of  the  Interval  and  X‘  the  angular  Increments  provided  by  the  gyros 
and  tile  Schuler  feedback.  The  algorithms  mentioned  In  Eq.  (7.4.42)  for  the  quaternions  are  based  on  a 
truncated  power  series  and  the  corresponding  Integration  errors  per  step  are  derived  analytically  In M7.Z2J 
to  [7.25],  for  Instance.  Table  7.4.1  suwiarlzes  the  results  for  algorithm  drift  and  computer  load,  which 
Indicate  that  It  Is  advantageous  to  use  the  3rd  order  algorithms.  To  further  Increase  the  order  of  numeri¬ 
cal  Integration  algoritlvas  does  not  bring  about  any  reward  because  the  Improvements  get  lost  In  In  the 
roundoff  errors. 


Quaternion  update  approximation  ($.  Eq.  (7.4.42)) 

1st 

jnd 

3rd 

Drift  for  constant  Input  rate  u  and  update 
frequency  f 

1  u3 

17 

1  u 

np 

1  w5 

Required  update  frequency  [Hz]  for  0.1  °/h 
drift  and  1  rad/s  Input  rate 

415 

293 

8 

Number  of  additions  and  subtractions 

24 

30 

45 

Number  of  multiplications 

24 

31 

52 

Program  memory  (15  bit  words) 

415 

447 

540 

Computing  time  [ms]  per  update1 ^ 

0.55 

0.64 

0.88 

Computer  load  [X]  including  velocity  transformation 
at  50  Hzl.2) 

26 

22 

4 

^  Honeywell  DDP-516  computer 

2)  Conversion  of  quaternion  to  transformation  matrix  requires  0.42  ms  and  the  velocity  increments  trans¬ 
formation  0.27  ms. 

Table  7.4.1  Algorithm  Drift  and  Computer  Load  for  Quaternion  Update2^  (s.  [7.22]  to  [7.24]) 

Since  the  quaternion  update  does  not  yet  include  the  computation  of  the  transformation  matrix  and  the 
transformation  of  the  velocity  Increments,  additional  computer  time  has  to  be  added  as  mentioned  in  the 
footnote  of  Table  7.4.1.  It  Is  taken  Into  account  in  the  last  row  of  the  table. 

The  roundoff  errors  are  similar  to  the  errors  arising  In  analog-to-dlgltal  (ADC)  conversion  P]us  sub¬ 
sequent  Integration  (s.  Section  4.3).  There  Is  only  one  difference.  The  ADC  output  has  to  be  multiplied 
with  the  sampling  Interval  Ts  for  proper  scaling  so  that  the  adder's  output  Aa  corresponds  to  the  Integral 
of  ur.  In  the  present  case  the  Integration  process  Is  already  carried  out  within  the  gyros  and  the  trans¬ 
formation  update  Is  a  mere  summation  In  principle.  The  roundoff  error  standard  deviation  o(C1j)  of  the 
transformation  matrix  elements  obeys  the  following  relationship: 

0(0^)  -u  LSB  (t/Ts)l/2.  (7.4.49) 

The  quantization  errors  have  already  been  discussed  in  Section  4.3.  They  are  the  stochastic  errors  in 
an  integrator Ted  'Ey  the  output  of  a  voltage-to-frequency  converter  (VFC)  or  pulse-rebalance-loop  (PRL)  as 
shown  in  Figs.  4.2.2  and  4.2.3.  The  errors  are  due  to  the  fact  that  the  angular  increments  A*  for  updating 
the  transformation  matrix  are  processed  In  the  computer  In  Integer  fractions  of  one  pulse  A* P  (s.  Eq.  (4.2.4)). 
In  the  angular  Increment  t*  the  Info  mation  on  this  pulse  A*Pls  not  lost,  but  delayed  by  one  sampling  time 
Increment.  The  corresponding  noise  's  independent  of  time  and  sampling  Interval.  It  depends  only  on  the 
layout  of  the  VFC  or  PRL  of  mechanical  gyros  or  on  the  scale  factor  (i.e.  the  perimeter)  of  the  laser  gyro, 
respectively. 

The  errors  just  discussed, their  dependence  on  certain  system  parameters  and  countermeasures  for  their 
minimization  are  summarized  In  Fig.  7.4. 12. 

All  errors  depend  on  the  angular  Increment  AA,  I.e.,  for  a  given  dynamic  environment  of  the  vehlcle.on 
the  update  cycle  Ts  as  indicated  in  Fig.  7.4.12.  The  update  frequency  l/T*  Is  50  to  100  Hz  in  the  strapdown 
systems  available  at  present.  In  addition  to  the  update  cycle,  the  wordlength  in  the  computer  -  double 
precision  required  in  general  In  a  16  bit  <•■■■  [7. 18]  -  and  the  choice  of  the  update  algorithm  (s.  Eq. 

(7.4.42))  also  affect  the  update  accuracy. 

7. 4. 4. 3. 5  The  Transformation  of  the  Velocity  Increments 

Exact  inertial  navigation  requires  the  continous  transformation  of  the  body-fixed  acceleration 
signal  ft,  Into  the  navigational  frame  and  the  continuous  correction  of  Coriolis  acceleration  prior  to  the 
first  integration  indicated  in  Fig.  7.4.8. 

In  the  strapdown  computer  fj,  is  integrated  during  the  sampling  Interval  Ts 
t 

Avb(t)  -  {  f^r)  dT  (7.4.50) 

t-Ts 

and  the  velocity  Increments  only  are  transformed  Into  the  navigational  frame: 

*$,(*>  ■  SnbW  AVt). 


(7.4.51) 
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QUATERNION 
UPDATE  TIME 


Fig.  7.4.12  Qualitative  Plot  of  the  Computational  Errors  in  a  Strap down  Computer  and  their  Dependence  on  the 
Integration  Algorithms  and  Computer  Parameters  (note:  absolute  values  on  scales  are  function  of 
input  dynamics) 

take  into  account  that  the  continuous  integration  of  Av^(t)  when  solved  by  partial  integration 


Av„(t)  *  I 

t-Ts 


VT>  dT  *  1 

t-Ts 


dT 


t 


Snb^)  '  ! 

t-Ts 


tnbir 


nb 


dx‘  I 
t*TS 


Fb(t)  dx 


(7.4.52) 


contains  also  the  changes  of  C„h  and  fb  during  the  sampling  interval  Ts.  The  second  approximation  of  the 
velocity  increments  reads  accordingly:  ' 

»«<*>  *  '  7^)  <7-4-53> 

where  tq  =  j  Is  is  the  skew  symmetric  angle  Increment  matrix  according  to  Eq.  (7.4.25).  The  second  approxi¬ 
mation  gives  thus  an  improvement  of  10"z  g  if  the  angular  rate  is  1  rad/s  the  acceleration  Is  1  g  and  the 
sampling  frequency  is  50  H*.  It  is  shown  in  [7-23]  that  this  approximation  meets  the  accuracy  requirements 
of  strapdown  systems. 


4. 4. 3. 6  Acceleration  and  Angular  Rate  Extraction  for  the  Purpose  of  Aircraft  Control  and  Flight  Tests 


If  the  inertial  sensor  is  equipped  with  an  analog  rebalance  loop  with  subsequent  voltage-to-freouency 
conversion  for  generating  the  velocity  or  angle  increments,  the  acceleration  and  angular  rate  can  be  taken 
from  the  analog  signal.  Before  digitizing  and  sampling  this  signal,  the  high  bandwidth  has  to  be  limited 
according  to  the  sampling  theorem,  preferably  by  using  Butterworth  filters  (s.  Section  4.4).  If  the  iner¬ 
tial  sensor  is  equipped  with  a  putse-rebalance  loop  or  if  laser  gyros  are  used,  which  both  deliver  the 
measurement  in  pulses,  the  rate  extraction  has  to  be  done  digitally.  The  simple  computation 

$(nTs)  *  AV(nTs)  or  <o(nTs)  -  1-  A*(nTs)  (7.4.54) 

Ts  Ts 

may  be  very  noisy  (s.  Sections  4.2.3  and  4.2.4).  For  noise  suppression  Eq.  (4.4.16)  may  be  used,  which  is 
equivalent  to  a  series  of  two  first  order  lags  (s.  Eq.  (4.4.15)). 

In  the  Honeywell  laser  Inertial  reference  system  the  acceleration  is  tapped  before  the  voltage-to-fre- 
quency  conversion  and  subsequently  filtered  with  a  Butterworth  filter  of 


F(s) - ± - -  , 

1  +  0.028s  +  0.0004s‘ 


(7.4.55) 


limiting  the  bandwidth  (-3dB)  to  8  Hz.  The  laser  gyro  pulses  are  filtered  with  a  digitally  mechanized  first 
order  lag  so  that  the  bandwidth  is  5  Hz. 

2. 4.4.4  Practical  Aspects  of  Strapdown  System  Integration  -  the  Experimental  Strapdown  System  of  OFVLR  (HOST) 

The  functional  diagram  of  a  strapdown  system  including  information  on  the  various  requirements  for  sen¬ 
sor  readout,  error  compensation  and  computation  as- discussed  in  the  different  sections  of  this  book  is  pre¬ 
sented  in  Fig.  7.4. 13.  The  ranges  of  the  frequencies  mentioned  there  are  taken  from  existing  straodown 
systems,  for  example,  the  Honeywell  and  the  Litton  strapdown  inertial  reference  systems  employing  ring  laser 
gyros  as  shown  in  Fig,  7.4,14.  Tables  7.4.2  and  7.7.1b  summarize  more  details  on  these  systems. 
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Gyro  Triad 

(s.  Chapters  3  and  4) 

pulse  width 

0tp  <  3  are  sec 


Accelerometer  Triad 
(s.  Chapters 3  and  4); 
pulse  width 

Avp  <0.05  aa/s 


Compensation  of 

coning  motion  effect  due 
to  RlG-dlther  (10  kHz) 
bias  (RLG,  MG) 
temperature  effects  (RLG, 
misalignment  (RLG,  MG) 

I  scale  factor  error  (RLG, 

.  g-sensltlve  drift  (MG) 

! anisolnertla  drift  (MG) 
psetidoconing  drift  (MG) 
motor  hunting  drift  (MG) 
(s.  Section  3.2  and  3.5) 


Compensation  of: 
bias, 

temperature  effect, 
mlsatlgramnt  of 
plckoff  and  pendulum 
axis 

scale  factor  error  etc. 
(s.  Section  3.6) 


Angular  Rate  quaternion 

Extraction  ♦  Integration  - 

(s.  Section  7. 4.4. 3.6)  (s.  Eg.  (7.4.42) )  , 


Acceleration 

Extraction 

(s.  Section  7. 4. 4. 3. 6) 


Angular  Rate 
Transformation 


Direction  Cosine 

Formulation 

(s.  Eg.  (7.4.35)) 


Velocity 

Transformation 

(s.  Eq.  (7.4.51)  ff 


!  Attitude 
j Computation 
(s.  Eq.  (7.4.44)) 


Normalization 
(s.  Eq.  (7.4.43)) 


Earth  Rate 


Alignment 
(s.  Section  7.6) 


Navigation 

(s.  Sections  7.2.2 

and  7.4)  _ 


'Angular  Rate 


'Attitude,  Heading 


l^MG  »  mechanical  gyro;  RLG  ■  ring  laser  gyro 

Fig.  7.4.13  Functional  Diagram  of  a  Strapdown  Inertial  Reference  Systa 


"Velocity  ▼ 
Position  Accele¬ 
ration 


u 


Honeywell  ».xl  the  Litton  Inertial  Reference  Systems 


Task  Execution  Rate  (Hz)  Words  Required  X  Duty  Cycle 


Executive 

256 

400 

2 

Fast  Instrument  Compensation 

256 

150 

14 

Medium  Instrument  Compensation 

128 

200 

6 

Quaternion  Integration 

128 

300 

15 

Direction  Cosines 

64 

300 

5 

Attitude/Velocity  Transform 

64 

350 

5.5 

Dits 

128 

400 

3 

Vehicle  Rates 

16 

550 

5 

Navigation  (Fast) 

8 

100 

2 

Navigation  (Medium) 

2 

600 

3.5 

Navigation  (Slow) 

1 

350 

0.5 

Mode  Controller 

1 

1650 

1 

Self  Test 

.2 

1050 

2 

Math  Library 

- 

400 

- 

Data  Base 

- 

1500 

- 

TOTALS 

6800  ROM  50 
1500  RAM 

61.5 

Table  7.4.2  Operational  Software  Task  budgets  in  the  Litton  LTN-80  Strapdown  System  Computer 

The  coning  motion  effect  compensation  due  to  the  mechanical  dither  of  the  ring  laser  gyros  as  mentioned 
in  Fig.  7.4.13  Is  taken  care  of  by  means  of  special  microprocessor  circuits  in  the  Honeywell  system.  They 
sun  up  and  down, at  very  high  frequency, the  cross  product  of  corresponding  gyro  readings  and  release  the  net 
results  for  compensation. 

The  motor  hunting  drift  compensation  is  not  based  on  the  modelling  of  Fig.  3.2.8;  if  the  rotor  spin  speed 
with  respect  to  the  case  can  be  measured,  any  deviation  from  a  nominal  value  can  be  corrected  with  a  corre¬ 
sponding  correction  of  the  gyro  scale  factor. 

The  computation  of  the  other  error  terms  is  straightforward,  once  the  coefficients  of  the  error  models 
(s.  Tables  3.2.1  and  3.2.2)  are  known. 

For  future  research  in  the  field  of  Inertial  strapdown  technology  DFVLR  has  developed  in  cooperation 
with  the  Technical  University  of  Braunschweig  en  Experimental  Strapdown  System  (HOST),  shown  in  Fig.  7.4.15 
and  described  ranr?  in  detail  in  [7.29].  It  consists  of  an  inertial  measurement  ( IHU)  employing  interchange- 
able  censor  modules  each  including  temperature  control  and  binary  pulse  width  modulation  readout  electro¬ 
nics  (s.  Section  4.2.4).  The  accelerometers  are  of  the  type  Litef  B-250  and  the  gyros  Hamilton  Standard 
R'-IOIO. 

The  strapdown  computer  consists  of  multiple  LSI-11/2  micro  computers.  A  very  flexible  laboratory  inter¬ 
face  system  -  CAMAC  developed  by  European  Atomic  Research  Centers  -  assures  the  communication  between  the 
microcomputers,  the  IMU  and  external  sensors. 

The  supervision  of  the  proper  function  of  the  sensor  modules  is  shared  by  the  micro  computer  system  and 
the  sensor  control  and  alarm  unit  (SCA).  A  plausibility  and  bit-error  check  is  made  in  the  first  computer 
which  Interfaces  the  sensor  modules  via  up-down  counters.  After  detecting  a  hardware  error  an  alarm  can  be 
messaged  to  the  computer  control  and  display  unit  (CCD)  and  from  there  to  the  SCA  which  generates  an  automatic 
gyro  motor  power  supply  shut  off.  This  control  loop  covers  the  most  important  failures  within  the  senscr 
itself  and  the  electronic  rebalance  circuitry. 

All  frequencies  in  the  MOST  system  are  generated  In  a  Central  Time  Base  (CTB)  Unit  from  a  temperature- 
controlled  10  MHz  quartz-generator  with  a  frequency  stability  of  10' 8 . 

For  command  and  display  purposes  a  Computer  Control  Display  (CCD)  was  developed.  It  not  only  allows  for 
the  qulcklook  of  information  from  MOST  but  also  for  feeding  Information  into  the  computer  via  a  keyboard. 

Test  results  of  the  system  are  presented  in  Chapter  9. 

7. 4. 4. 5  Simulation  Results  of  a  Strapdown  System  in  a  Benign  and  in  a  Highly  Dynamic  Environment 

Programs  for  simulating  a  strapdown  system  are  very  effective  tools  for  obtaining  an  Insight  into 
the  contribution  of  different  sensor  and  algoritim  errors  to  system  performance.  Such  complex  programs  have 
been  developed  during  the  past  few  years  at  DFVLR.  This  section  gives  the  summary  of  some  simulation  re- 

i!">  ROM  »  Read  Only  Memory 

RAM  =  Random  Access  Memory 


Fig.  7.4.15  The  DFVLR  Modular  Experimental  Strapdown  System  (MOSY) 


suits  [7.30]  of  the  strapdown  system  position  errors  developed  during  a  simulated  flight  time  of  2600  s: 

-  on  a  straight  flight  of  a  transport  aircraft  (TA)  flying  at  540  km/h  towards  the  west  including  take-off 
ar.d  a  360°  turn  after  1500  s  (maximum  take-off  acceleration  3  m/s*,  maximum  yaw  rate  2  °/s  and  roll 
rate  6  °/s,  maximum  roll  acceleration  6  °/sz)  and 

-  on  a  highly  dynamic  flight  of  a  remotely  piloted  vehicle  (RPV)  flying  at  990  km/h  towards  the  east  for  a 
distance  of  280  km  including  take-off  and  landing  at  the  starting  point.and  several  maneuvers  in  yaw, 
pitch,  roll  and  terrain  following  (maximum  take-off  acceleration  50  m/s,  maximum  yaw  rate  4  °/s  and 
roll  rate  200  °/s,  maximum  roll  acceleration  660  °/sz). 

Table  7.4.3  gives  a  sunmary  of  all  error  contributors,  whereby  several  errors,  were  combined  in  groups. 

The  numerical  values  are  fairly  small  and  they  should  be  understood  as  lo-residual  errors  after  compensa¬ 
tion. 

Table  7.4.4  sumnarizes  some  characteristics  of  the  strapdown  system  and  Fig.  7.4,16  the  simulation  re¬ 
sults. 


Number 

Error  Source 

Numerical  Value 

1 

algorithm 

2 

azimuth  misalignment 

3.4  arc  min 

3 

gyro  fixed  drift 

0.01  °/h 

4 

gyro  g-dependent  drifts 

unbalance 

anlsoelasticity 

0-02  ®/h/g 

0.03  °/h/gz 

5 

gyro  u-dependent  drifts 

axes  misalignment 

6  arc  sec 

fixed  scale  factor  error 

3-10"® 

asymmetry  scale  factor  error 

3-10'6 

quadratic  nonlinearity  scale 
factor  error 

6-i0"4  °/h/(°/s)‘ 

angular  acceleration  drift 

0.04  °/h/(°/s2) 

anisoinertia  drift 

0.4  °/h/(°/s)Z 

6 

accelerometer  bias 

10'4  g 

7  additional  accelerometer  errors 


Table  7.4.3  Sumaary  of  the  Residual 

Sensor  Errors  of  Strapdown 
System  Simulation 


Table  7.4.4  Characteristics  of  the 

Simulated  Strapdown  System 


misalignment  6  arc  sec 

fixed  scale  factor  error  10'® 

asynmetry  scale  factor  error  10'® 

quadratic  nonlinearity  scale  , 

factor  error  10"9  g"1 

cubic  nonlinearity  scale  factor  ,  - 

error  10"°  g'* 

cross  coupling  10"®  g"* 


V-  990km /h 


Transport  Aircraft 
V-  540  km/h 


6SlMX-[(i:i6Si;j;'(J1loSEil)z]w-4.8km 


6$  « 4 2km 


Fig.  7.4.16  Simulation  Results  for  a  Strapdown  System  in  Two  Different  Types  of  Aircraft 

In  the  benign  environment  of  the  transport  plane  the  accelerometer  biases  are  the  main  error  contribu¬ 
tors.  If  the  aircraft  heading  during  the  self  alignment  mode  differs  from  the  heading  during  the  subse¬ 
quent  flight,  which  in  general  is  the  case,  the  equilibrium  at  the  end  of  the  alignment  mode  is  disturbed 
leaving  a  constant  acceleration  error  of  uo  *  •  twice  the  amount  of  the  bias  (s.  Section  7.5).  Tn  this  re¬ 
spect  the  error  growth  of  the  strapdown  f.  ...«m  differs  considerably  from  that  of  the  platform  system.  This 
is  not  the  case  for  the  effect  of  constant  gyro  drift  in  straight  flight;  the  strapdown  and  platform  system 
performances  are  alike  in  this  respect. 

The  azimuth  misalignment  primarily  causes  the  cross-track  error  (s.  Section  7.3.2),  i.e.,  for  the  wester¬ 
ly  flying  transport  plane  a  position  error  in  the  north-west  channel.  The  algorithm  error  is  negligible. 

In  the  highly  dynamic  environment  of  the  remotely  piloted  vehicle  (RPV)  the  pseudoconing  error,  i.e. 
the  gyro  drift  due  to  angular  acceleration  (s.  Section  7. 4. 4. 3. 4  and  Tables  3.2.1  and  3.2.2),  is  domi¬ 
nant.  Because  of  the  RPV's  return  to  the  starting  point  other  errors  are  smaller  than  in  the  first  case, 
such  as  the  errors  due  to  accelerometer  bias  and  due  to  gyro  drift.  The  algorithm  errors  are  still  negli¬ 
gible  as  compared  to  the  sensor  errors,  but  are  approximately  8  times  the  amount  in  the  benign  environment 
of  the  transport  case. 

7.5  The  Linearized  Error  Dynamics  of  Inertial  Navigation  Systems 

In  the  previous  sections  we  have  become  familiar  with  several  inertial  navigation  systems,  differing  in 
the  mechanization  of  the  reference  coordinate  frames  In  which  the  accelerometers  carry  out  their  measurements. 
They  all  have  in  common  the  generation  of  information  on  the  aircraft's,  attitude  and  heading,  ground  speed 
and  position  with  respect  to  the  geographic  coordinate  frame. 

In  this  section  we  will  briefly  discuss  the  linearized  error  dynamics  of  all  systems,  which  is  the  basis 
for  modelling  it  in  a  Kalman  filter. 

The  two  vector  equations  for  the  jrror  dynamics  are  derived  in  I7.13J  and  [7.31] ,  for  Instance.  They 
describe  firstly  the  rate  of  change  e„  of  the  computed  navigational  coordinate  frame's  misalignment  with 
respect  to  the  true  coordinate  frame  about  the  north,  east  and  down  axes  (s.  Eqs.  (7. 3.23a, b,c)  for  the 
north  indicating  system); 


with  the 


effects  of:  ^ 

earth  rate  plus  trans¬ 
port  rate  on  misaligned 
system  or  platform 
(feedback  (J)  in  Figs. 
7.2.1  and  7.3.4) 


Su' 


+ 


t 

erroneous  Schuler 


feedback  (feedback 
®  in  Figs.  7.2.1 
and  7.3.4) 


nr 


•nr 


erroneous  slewing 
about  vertical 
axis  in  wander 
azimuth  mechani¬ 
zation 


D  (7.5.1) 


t 

gyro  drift 
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with  the  effects  of 


acceleration  measured  in 
misaligned  system  or 
platform 


erroneous  Coriolis 
acceleration  com¬ 
pensation  (feedback 
(§>  it,  Figs.  7.2.1 
and  7.3.4) 


deflection  of  the 
vertical  (s.  Fig. 
2.4) 


Secondly  they  describe  the  acceleration  error  in  the  north  and  east  axes  (s.  Eqs.  (7. 3. 23d, e)  for 
the  north  indicating  system): 

«V  *  ^  +  %  +  d  -  £„  *)  Pnr  “ 

with  the  effects  of  ^  |  |  | 

acceleration  measured  in  erroneous  Coriolis  deflection  of  the  accelerometer  error 

misaligned  system  or  acceleration  com-  vertical  (s.  Fig.  Including  the  effect 

platform  pensation  (feedback  2.4)  of  correlated  misalign- 

(D  it,  Figs.  7.2.1  ment  and  accelerometer 

and  7.3.4)  error  (sculling  In 

strapdown  systems) 

(7.5.2) 

This  confirms  that  Eq.  (7.4.23)  may  serve  as  a  basis  for  modelling  the  error  dynamics  of  any  iner¬ 
tial  navigation  system  in  a  Kalman  filter,  the  only  difference  lying  in  the  modelling  of  the  sensor  errors, 
which  act  in  the  north,  east  and  down  axes  via  the  transformation  matrix  Jnr. 

For  the  north  indicating  systems  (NIS): 

£nr  -  l<  <7-5-3> 

as  can  be  seen  from  Eq.  (7.4.23). 

For  the  wander  azimuth  inertial  navigation  systems 

£nr=  £na>  <7-5'4> 


(7.5.3) 


(7.5.4) 


(s.  Eq.  (7.4.8))  with  the  wander  azimuth  angle  o  derived  from  Eq.  (7.4.4)  for  the  Litton  systems  and  from 
Eq.  (7.4.5)  plus  3*1  RPM  for  the  Delco  Carousel  IV  systems. 

For  the  pseudo-pole  inertial  navigation  systems,  Eq.  (7.5.4)  is  also  valid.  The  wander  azimuth  a  has  to 
be  computed  from  Eq.  (7.4.19),  which  can  be  simplified  for  small  angles  p. 

For  the  inertial  navigation  systems  with  space-stabilized  platform 

W  =  Sni  <7-5‘5> 

(S.  Eq.  (7.4.21)). 

And  finally  for  the  strapdown  systems  we  have  the  effect  of  the  sensor  errors  in  the  north,  east  and 
down  directions  changing  with  the  aircraft  manouvers 

W  *  £nb  <7-5‘6> 

(s.  Eq.  (7.4.24)).  The  strapdown  system  errors  are  thus  comparable  to  the  errors  of  a  north  indicating 
platform  system  in  a  straight  flight  and  benign  environment,  but  they  differ  considerably  from  it  if  the 

aircraft  is  maneuvering  (s.  Section  7. 4. 4. 5).  It  is  an  advantage  that  in  the  latter  case  the  gyro  drift 

also  changes  its  direction,  but  it  is  a  disadvantage  that  the  equilibrium  at  the  end  of  the  self-align¬ 
ment  mode  (s.  Eqs.  (7.6.2a  to  c))  between  east-west  gyro  drift  and  azimuth  misalignment  as  well  as  between 
horizontal  misalignments  and  accelerometer  biases  is  disturbed.  After  a  change  of  180°  in  yaw  angle  these 
sensor  biases  drive  the  system  error  with  twice  their  steady  state  amount.  This  indicates  that  very  tight 
requirements  need  to  be  set  up  for  not  only  the  strapdown  nyros  but  also  the  accelerometer. 

7.6  Self-Alignment  of  Platform  and  Strapdown  Systems 

7.6.1  Introduction 

Tne  Initial  self-alignment  loop  or  gyrocompassing  loop  of  a  stationary  inertial  platform  is  in  principle 
the  electronic  equivalent  of  a  mechanical  gyrocompass  mentioned  in  Section  7.1. 

In  the  following  we  will  briefly  review  the  principles  of  the  gyrocompassing  loop  of  an  Inertial  plat¬ 
form  and  the  accuracy  achievable  for  the  initial  alignment. 

A  second  method  for  the  alignment  and  calibration  of  platform  and  strapdown  system  will  also  be  described 
an  open  loop  estimation  procedure  for  azimuth  misalignment  and  north  gyro  drift  -  which  has  the  advantage 
of 


-  resulting  in  simple  formulas  for  the  covariance  and  the  estimation  gain  of  the  two  state  vector  elements, 

-  being  easily  progranmable, 

-  speeding  up  the  alignment  time  -  becoming  Increasingly  insensitive  to  vehicle  sway  with  estimation 
time. 


7.6.2  The 


assing  Loop  of  an  Inertial  Platform 


Fig.  7.6.1  shows  in  principle  the  mechanical  gyrocompass  consisting  of  a  pendulous  two-degree-of-freedom 
gyro  with  nearly  horizontal  spin  axis.  The  sensor  can  move  freely  with  respect  to  the  base.  Once  disturbed 
from  its  equilibrium,  namely  true  north,  it  will  oscillate  l.i  an  elliptic  cone  about  this  equilibrium  or 
will  align  itself  with  true  north  if  it  is  damped  as  indicated  in  this  figure. 


HORIZON' 


DAMPING 


HORIZON 


PENDULOS I TY 
VERTICAL 


PCHDULOS 1 TY 


vr.nricAL 


Fig.  7.6.1  The  Notion  of  the  Undamped  and  the  Damped  Gyrocompass 


Fig.  7.6.2  The  Gyrocompass  Mechanized  with  a  Free  Gyro,  an  Accelerometer  and  Two  Feedback  Loops 


Fig.  7.6.3  Simplified  Block  Diagram  of  the  GyrocompassJng  and  the  North  Levelling  Loops  for  an  Inertial 
Platform 


I 
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Flo.  7.6.2  indicates  how  the  mechanical  gyrocompass  is  implemented  electronically.  The  pendulosity  of  Fiq. 
7.6.1  is  replaced  by  an  accelerometer  whose  Input  axis  is  aligned  with  the  spin  axis  and  whose  output  signal 
is  fed  via  the  gain  -KqH  to  the  horizontal  torquer  for  raising  the  frequency  and  via  he  gain  -KgH  to  the 
vertical  torquer  for  raising  the  damping  of  the  sensor's  oscillation. 


We  find  the  same  Interconnections  in  the  simplified  gyrocompass ing  loop  of  an  inertial  platform  whose 
block  diagram  is  shown  in  the  lower  half  of  Fio.  7.6.3.  The  output  of  the  north-south  accelerometer  NA 
causes  a  platform  rotation  ur  D  about  the  east-west  and  down  axes  via  the  gains  -K£  and  -Kq.  The  upper  half 
of  the  block  diagram  shows  tn4  levelling  loop  for  the  north-south  axis. 


One  of  the  simplifications  in  this  diagram  concerns  the  model  of  the  free  platform  (s.  Fig.  7.3.4) 
which  has  been  reduced  to  the  coupling  of  the  vertical  misalignments  en  into  the  east-west  axis  via  the 
horizontal  component  of  earth  rate  d-  *  ncosp.  The  coupling  between  tne  horizontal  axes  via  the  vertical 
component  fls  *  flsimp  of  earth  rate  has  been  neglected,  which  is  acceptable  since  the  horizontal  misalign¬ 
ment  angles  cN  £  are  smaller  than  the  azimuthal  misalignment  e^. 

7.6.3  Platform  Equilibrium  and  Sensor  Calibration  at  the  End  of  the  Alignment  Process 

From  the  block  diagram  in  Fig.  7.6.3  one  can  easily  derive  the  following  relationships  for  the  equili¬ 
brium  of  the  platform  at  the  end  of  the  alignment  process  when  the  inputs  to  the  integrators  are  zero: 

-  for  ideally  compensated  sensors,  i.e.  no  accelerometer  biases  (B^r  =  0)  and  no  gyro  drifts  (Dn,£,d  »  0) 
the  platform  will  be  ideally  aligned  with  the  vertical  and  true  north: 

^N,E,0  *  0;  <7-6-1) 

-  for  non-ideally  compensated  accelerometer  biases  (Bn,£  /  0)  no  distinction  can  be  made  in  the 
output  signals  of  the  accelerometer  between  bias  and  corresponding  constant  horizontal  misalignment 
angles  of  the  platform,  i.e.  the  accelerometer  bias  cannot  be  measured  during  or  at  the  end  of  the 
alignment  process,  but  is  compensated  by  the  horizontal  platform  tilt: 

®N,E  "  -  BE,N/9  (*  i0-1  *  rad  c  20  arc  sec  for  bn  H  '  10"4  9*;  (7.6.2c,b) 

for  non-ideally  compensated  east-west  gyro  drift  (0£  p  0)  no  distinction  can  be  made  at  the  input 

effect  of  vertical  misalignment  eg,  i.e.  the  east- 
at  the  end  of  the  alignment  process,  but  is  coin- 


west  gyro  drift  cannot  be  measured  either  during  or 
pensated  by  the  azimuth  misalignment: 


-DE/ilc 


(*  1  m  rad  -  3.4  arc  min  for  0£  »  1/100  °/h  and  g>  ■  45°) 


(7.6.2c) 


where  fl  «  Q  cos>p 


if  in  addition  the  north-south  and  the  vertical  gyros  are  corrupted  by  the  drift  Dm  g.  the  horizontal 
accelerometers  furnish  additional  control  offset  signals  at  the  end  of  the  alignment  process: 

1 


eN  *  ?  <BE  +  W 
eE  ‘  4  <BN  +  W" 


(7. 6. 2d) 

(7 .6.2c) 

Whilst  the  accelerometer  biases  8u  £  cannot  be  measured,  the  north-south  and  the  vertical  gyro  drift 
Oty'D  cause  an  output  voltage  of  the  horizontal  accelerometers  and  thus  can  be  measured. 

The  additional  tilt  due  to  ON,o,and  thus  the  control  offset  voltage, can  be  reduced  by  setting  the  loop 
gains  Kn  q  high  or  preferably  by  shunting  the  amplifiers  of  the  levelling  loops  with  an  Integrator  as  In¬ 
dicated  In  Fig.  7.6.4  for  the  north-south  gyro  drift.  In  practice  only  this  sensor  error  Is  compensated  in 
the  manner  shown.  The  vertical  gyro  drift  can  only  be  measured  by  wans  of  the  synchro  mounted  on  the  ver¬ 
tical  glrabdl  axis,  which  requires  the  absence  of  any  platform  motion. 

Eq.  (7.6.2c)  is  applicable  to  all  north-seeking  methods  with  gyroscopic  sensors.  These  methods  are  limi¬ 
ted  to  80°  latitude,  approximately  (*p  <  +  76.5°  for  Delco  Carousel  IV  platform  system).  Note  that  only  the 
Initial  self-alignment  of  the  INS  is  limited  to  this  latitude;  the  actual  navigation  function  can  be  per¬ 
formed  at  all  latitudes  (s.  Section  7.4). 

If  we  choose  the  following  gains  in  the  gyrocompassing  loop  of  Fig.  7.6.4: 

Kjj  •  l/(2gT) 

*E  *  S 

Kp  -  I/(16gTZ  if) 

and  the  gain  of  the  shunt  integrator  in  the  levelling  loop 

S  *  *0  fiC- 


(7.6.3a,b,c) 


(7.6.3d) 


both  loops  -  the  north-south  levelling  loop  and  the  gyrocompassing  loop  -  have  the  same  dynamics,  namely 
four  equal  roots  with  the  time  constant 

t  *  2T  »  60  s 

(the  figure  was  selected  in  laboratory  tests  [7.32])  and  the  problems  of  compensating  the  north-south 
gyro  drift  and  of  vertical  platform  alignment  are  alike. 


(7.6.4) 
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Fig.  7.6.4  Simplified  Block  Oiagram  of  the  Gyrocompassing  and  North  Levelling  Loops  Including  Integrating 
Networks  for  a  Stationary  Platform 
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We  have  not  yet  mentioned  the  vertical  accelerometer.  Its  output  signal, which  should  be  gravity,  can 
certainly  be  used  for  calibration,  for  the  field-calibration  of  all  sensor  biases  (D^  r  g  and  B^e.d) 
and  scale  factors  (Sa  g  n  for  the  gyros  Sjj  E  D  for  the  acceleroamters)  the  gyrocompasilAg  mode  Is  carried 
out  several  times  wltft  the  Input  axes  of  elclrgyro  once  In  the  north  and  once  In  the  south  directions  and 
the  Input  axes  of  each  accelerometer  once  In  the  up  and  once  In  the  down  directions,  which  requires  9  orien¬ 
tations  of  the  platform.  The  sum  and  differences  of  the  currents  Into  the  north  or  south  gyro  1^,$  *nd  Into 
the  up  or  down  accelerometer  1^  g  are  evaluated  In  the  following  way: 

0  ■  -s9(1h  ♦  1$)/2  S®  •  (1N  -  1s)/(2flc) 


B  •  -S* (1q  +  1„)/2  S*  •  (10  -  1u)/(2g).  (7.6.5a,b,c,d) 

7.6.4  The  gyrocompasslng  Loop  In  a  Strapdown  System 

We  now  apply  gyrocompassing  to  the  Initial  alignment  and  sensor  calibration  of  a  strapdown  system. 
"Alignment*  means  Initialization  of  the  transformation  matrix  C^p  for  transforming  the  body-fixeo  measured 
acceleration  vector,  l.e.  the  vector  of  the  velocity  Increments  Avp  Into  the  navigational  frame  Avj,.  The 
corresponding  block  diagram  Is  shown  In  Flo.  7.6.5. 

The  underlined  signals  In  this  block  diagram  have  to  be  Interpreted  as  vectors  -  as  pulse  train  vectors 
of  the  vehicle's  velocity  Increments  In  the  body  frame  (Avp)  and  In  the  navigations  frame  (Avj,)  and  simi¬ 
larly  as  angular  Increments  of  the  vehicle's  motion  with  respect  to  Inertial  space  (Ad£bl  measured  In  the 
body  frame  and  as  angular  Increments  due  to  the  sum  of  earth  rate  (A#£*)  and  gyrocompasslng  plus  north 
levelling  feedback  (A*j)  transformed  Into  the  body  frame.  The  sum  ofnlll  angular  Increments  just  mentioned 
updates  the  transformation  matrix  (np. 

It  Is  quite  obvious  that  In  the  strapdown  system  all  sensor  errors  limiting  the  platform  alignment  accu¬ 
racy  ($.  Eqs.  (7.6.2a,b,c))  and  the  north  gyro  drift  calibration  accuracy  are  composed  of  all  body-fixed 
sensor  components  according  to 


°n  *  Snb  °b  5n  "  Snb  °b‘ 

7.6.5  Coarse  Alignment  of  the  Strapdown  System  -  Interplay  of  the  Sensor  Signals  During  the  Alignment  Process 

Before  starting  gyrocompasslng,  the  platform  Is  In  general  levelled  and  magnetically  aligned  to  true 
north  In  order  to  speed  up  the  procedure.  With  strapdown  systems  another  coarse  alignment  procedure  may  be 
utilized  If  the  base  Is  stationary.  This  coarse  alignment  procedure  Is  based  on  the  fact  that  the  strapdown 
IMU  measures  earth  rate  uje  and  gravity  gp  In  the  body  frame  which  theoretically  could  be  Instantly  used 
to  Initialize  the  transformation  matrix  Jnp  by  means  of  the  following  equations  for  the  elements  of  the 
transformation  matrix  Cnp 

C3l  *  *V9  C11  +  C31 

C32  ■  -fy/g  C12  -U)y/nc  +  C32  tan*p 

C33  ■  -fz/g  Cj3  *wz/ff  +  C33  tamp  .  (7.6.7a  to  f) 

The  remaining  equations  for  the  missing  three  elements  are  found  from  the  condition  of  orthogonality: 

C21  *  "C12  C33  +  C13  C32 

C22  *  C11  C33  '  C13  C31 

C23  ■  -Cjj  C32  +  Cj2  C3j.  (7.6.7g,h,i) 

This  alignment  procedure  is  recommended  only  for  the  "levelling"  of  strapdown  systems  using  the 
accelerometer  output  signals  Avp.  The  derivation  of  azimuth  misalignment  on  a  moving  vehicle  must  be 
based  on  the  acceleration  values  Avn,  which  are  "base  motion  isolated"  via  the  J-b  matrix  as  shown  In 
Fig.  7.6.5,  where  the  signals  from  uve  gyros  and  the  computer  serve  to  update  this  matrix.  The  gyro  signals 
alone,  even  If  averaged  over  a  certain  length  of  time,  can  hardly  be  used  for  the  direct  measurement  of 
azimuth  misalignment  because  earth  rate  apd  vehicle  angular  rate  cannot  be  separated.  Their  use  would  be 
comparable  to  the  derivation  of  true  north  from  the  change  of  time  of  the  synchro  signals  of  a  gyro  sta¬ 
bilized  platform.  For  the  sensitivity  of  this  method  to  vehicle  motions  we  can  use  the  relationship  between 
azimuth  misalignment  and  corresponding  east-west  gyro  drift  In  Eq.  (7.6.2c).  Therefore  It  can  be  deduced 
that  even  If  the  synchro  signals  of  the  platform  or  the  gyro  signals  of  a  strapdown  system  were  to  be 
evaluated  over  1  hour,  for  Instance,  a  1°  steady  state  change  of  the  vehicle's  attitude  In  that  time  would 
be  Interpreted  as  a  5°  change  In  azimuth! 


For  fast  coarse  azimuth  alignment  external  measurements  (magnetic  or  optic)  should  be  used,  and  the 
procedure  just  described  should  be  utilized  for  levelling  only. 

7.6.6  Considerations  on  the  Alignment  Time 


The  alignment  time  depends  on  the  accuracy  with  which  the  horizontal  misalignment  angles  and  their  slope 
can  be  measured  with  the  aid  of  the  horizontal  accelerometers.  We  have  to  remember  In  this  connection  that 
the  vertical  misalignment  Is  based  on  the  slope  of  the  north-south  accelerometer  output  signal  according  to 

AvN/g  ■  c0  Q  cosip  »  10*6/s  for  <p  •  45°  and  eD  ■  1°. 


(7.6.8) 
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This  Is  a  very  small  signal,  especially  It  Me  bear  In  mind  that  ed  should  be  less  than  1  mradl 

The  eeasureeient  of  the  horizontal  misalignment  angles  by  means  of  the  accelerometer  output  signals  6vu  r 
Is  corrupted  by 

-  the  quantization  noise  6vp 

-  the  bias  and  Its  stability 

-  the  vehicle  sway. 

It  Is  shown  in  [7.32]  that  the  alignment  with  t.he  gyrocompass ing  loop  of  Fig.  7.6.5  is  fairly  Insensitive 
to  the  errors  just  mentioned  as  long  as  their  autocorrelation  time  is  much  smaller  than  the  integration 
time  of  the  gyrocompass Ing  loop: 

1 

T  ‘XpEoif-  (7.6-9) 

With  a  quantization  noise  of 

4VP  *  0.8  rnn/s  (7.6.10) 

approximately  10  minutes  were  required  in  a  strapdown  system  to  drive  the  azimuth  misalignment  from  3°  to 
0.2°  when  the  gyrocompassing  procedure  was  used  [7.32]. 

Speeding  up  the  alignment  requires  a  smaller  Integration  time  and  makes  the  loop  more  sensitive  to  the 
errors  mentioned  above,  especially  to  vehicle  sway.  We  will  see  In  the  next  section  that  It  Is  advisable 
to  use  an  open  loop  misalignment  estimation  procedure,  which  becomes  fairly  Insensitive  to  vehicle  sway 
with  elapsed  time. 

7-6-7  The  Open-loop  Azimuth  Misalignment  and  North-South  Gyro  Drift  Estimation  Procedures 

As  preparation  for  the  application  of  this  procedure  to  the  alignment  of  platform  and  strapdown  systems 
we  simply  open  in  Figs.  7.6.4  and  7.6.5  the  loop  of  the  shunt  Integrator  In  the  north-south  channel  and 
the  loop  for  the  vertical  alignment.  At  the  same  time  we  reduce  the  time  constant  of  the  levelling  loops 
to,  for  example,  0.1  of  the  value  In  the  gyrocompassing  mode.  The  torque  signals  for  levelling  the  platform 
(or  the  transformation  matrix)  are  used  as  measurements  for  the  estimation  procedure  after  they  have  been 
integrated  up  and  divided  by  the  elapsed  time.  The  corresponding  block  diagram  Is  shown  In  Fig.  7.6.6. 

This  measurement  will  be  a  signal  for  the  mean  torque  rate. 


Fig.  7.6.6  Block  Diagram  for  the  Levelling  Loops  of  a  Strapdown  System  Delivering  Measurements  for  the 
Estimation  of  Azimuth  Misalignment  and  North  Drift 
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If  measurements  for  the  estimation  procedure  are  taken  in  time  Increments  greater  than  the  longest  pe¬ 
riod  of  the  base  motion,  Me  may  neglect  the  modelling  of  the  base  motion  as  required  in  a  Kalman  filter 
and  assume  that  each  measurement  is  a  signal  for  the  north-south  gyro  drift  Du  or  the  azimuth  misalignment 
Cq  n  cose,  contaminated  by  noise  dependent  on  sensor  and  readout  quality  and  base  motion  dynamics. 

In  a  fine  levelling  mode  at  the  beginning  of  the  procedure  no  measurement  Is  taken,  since  for  a  step 
function  as  input  the  loop  reaches  its  stationary  output  at  t/t  «  5,  l.e.  after  approximately  30  s.  The 
measuring  is  then  Initiated  and  an  estimation  Is  carried  out  every  TK  *  30  s,  for  Instance. 


The  formulas  for  the  estimation  procedure  with  stationary  measurements  are  easily  derived  from  the  Kal¬ 
man  filter  algorithms.  They  are  listed  in  Table  7.6.1. 


State  to  be  estimated: 

Measurement  at  time  t  «  kT* 

x  «  D^  or  Cq  (1  costp 

kT^ 

2(k)  -  /  (x  +  v)  dr  ■  -T-  /  x  dx  +  v(k) 

kT*  o  kT*  o 

i 

Measurement  noise: 

(with  o  >  quantization  noise  covariance  and 

T*  «  levelling  loop  sampling  time) 

2  T^ 

v(k)  ^  N(o,  o  ( k ) ),  o  (k)  »  o  — u 
z  z  z  kTx 

i 

Covariance  of  estimate 
before  measurement: 

(with  q  -  noise  covariance 
of  north  and  east  drifts) 

of(k)  -  a2(k-l)  ♦  q 

after  measurement: 

2  o2'(k)  •  a\( k) 

a‘(k)  -  - §— 

o‘  (k)  +  o‘(k) 

1 

:  \ 

Estimation  gain: 

ax<k> 

K(k)  .  * - 

^(k) 

I 

l 

J 

Estimates 

before  measurement: 

x* (k)  -  x(k-l) 

‘  i 

after  measurement: 

x(k)  *  x* (k)  +  K(k)  [z(k)  -  x* (k)] 

i 

:c , 

'.  ► 

Theoretical  estimation  accuracy  limitations: 

w  -  0 

Tr 

H 

°r  »  °n  co*f  ) 

CD"  UE 

j 

f 

* 

s 

Table  7.6.1  Recursive  Formulas  for  the  Estimation  Procedure  of  Azimuth  Misalignment  and  North  Drift 


The  states  to  be  estimated  (eg  and. Do)  are  comprised  In  x.  The  measurement  z  is  the  output  of  the  Inte¬ 
grators  in  Fig.  7.6.6  divided  by  the  elapsed  time,  and  the  measurement  noise,  assumed  to  be  quantization 
noise,  decreases  correspondingly.  The  estimate  covariance  is  represented  by  a  very  simple  formula  as  Is 
the  estimation  gain  which  decreases  with  elepsed  time  as  expected.  In  Table  7.6.1  the  theoretical  estima¬ 
tion  accuracy  limitations  are  mentioned,  showing  again  that  the  physical  limitations  of  any  Inertial  north 
seeking  method  cannot  be  surpassed  by  the  estimation  procedure  (s.  Eq.  7.6.2). 

As  compared  to  the  gyrocompassing  alignment  discussed  In  the  Section  7.6.6  the  alignment  with  the  open- 
loop  estimation  procedure  was  approximately  twice  as  fast  when  the  following  parameters  were  used  [7.32J: 

ox(o)  -  0.1  [rad]  az  *  3.2  •  10‘4  [rad/s]  q  -  3.0  •  10'4  [rad2/s] 

T*  »  30  [s]  Ts  *  T1  *  0.02  [s] 

(7.6.11a  to  d) 

With  increasing  estimation  time  It  also  became  more  and  more  Insensitive  to  acceleroamter  noise,  bias 
instabilities  and  vehicle  vibrations.  This  was  not  so  much  the  merit  of  the  optiawl  estimation  algorithms 
but  of  signal  conditioning  In  Fig.  7.6.6,  l.e.  the  integration  of  the  torqulng  signal  and  division  by  the 
elapsed  time.  An  analogy  for  this  measurement  Improvement  over  elapsed  time  Is  the  accelerometer  readout 
on  a  platform  with  no  levelling  loop  and  with  earth  rate  compensation  but  having  north  gyro  drift  or  azi¬ 
muth  misalignment.  Both  will  drive  the  platform  about  the  horizontal  axes  and  the  output  of  the  accelero¬ 
meters  Increases  with  time  (s.  Eq.  (7.6.8)).  The  relative  share  of  sensor  disturbances  and  acceleration 
noise  will  decrease  with  elapsed  time  also.  The  gyrocompassing  loop  remains  constantly  sensitive  to  acce¬ 
lerometer  bias  Instabilities  and  vehicle  motions  whose  autocorrelation  time  Is  greater  than  the  integration 
time  T'  (s.  Eq.  (7.6.9))  of  the  corresponding  loops  in  Figs.  7.6.4  and  7.6.5. 
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7.7  Suweary  and  Overview  of  Existing  Inertial  Navigation  Systems 

Inertial  navigation  systems  (INS)  render  Information  on  position,  velocity,  attitude  and  hooding.  Thoy 
are  used  not  only  for  navigation  but  also  for  flight  guidance  and  for  flight  testing  (Section  7.1). 

The  functioning  of  platform  systems  with  their  acceleroaieters  pointing  north,  east  and  6o*m  (north  Indi¬ 
cating  system  NIS)  and  their  error  dynamics  have  been  discussed  (Sections  7.2  and  7.3). 

The  use  of  the  NIS  is  limited  to  geographic  latitudes  below  90°.  Other  Inertial  navigation  system  mecha¬ 
nizations,  especially  with  wander-azimuth  platforms,  allow  worldwide  navigation  (Litton  systems,  Delco 
systems)  and  offer  additional  advantages  (Section  7.4.1  and  7.4.2). 

Inertial  navigation  systems  employing  electrostatically  supported  gyros  have  space-stabilized  platforms 
(Section  7.4.3).  Strapdown  systems  represent  the  new  development  In  the  field  of  Inertial  navigation  and 
flight  testing  (Section  7.4,4).  Again  the  functioning  and  the  advantages  of  all  these  systems  are  discussed. 

The  linearized  error  dynamics  of  all  Inertial  navigation  systems  regardless  of  Internal  mechanization 
but  whose  output  signals  are  attitude  and  heading,  grouhd  speed  and  position  with  respect  to  north,  east 
and  down  can  be  modelled  In  a  Kalman  filter  in  the  same  way,  the  only  difference  being  In  the  driving 
function  of  the  sensor  errors  (Section  7.5). 

The  Initial  self-alignment  mode  of  platform  and  strapdown  systems,  including  the  accuracy  achievable  is 
discussed  (Section  7.6). 

Tables  7.7.1a  and  b  sumearize  the  characteristics  of  existing  platform  and  strapdown  systmis. 

No.  Parameter  Manuf  acti  >* 

Model  No. 


Delco 

Carousel  IV 

Ferranti 

FIN  1000 

Litton 

LTN-72 

SAGEM 

ULISS 

1 

Volume  Tlitresl/  Mass  Tkgl 

inertial  navig.  unit 

28.0/24.5 

31.2/20.4 

28.6/26.8 

14.3/15 

2 

control  display  unit 

2.3/  1.77 

2.7/  1.8 

2.6/  2.3 

2.9/  3 

3 

mode  selector  unit 

0.3/  0.32 

- 

0.3/  0.5 

0.6/  0.9 

4 

automatic  data  entry  unit 

0.8/  1.6 

0.13/0.15 

- 

- 

5 

battery  unit 

7.6/12.2 

- 

7.5/12.3 

- 

6 

total 

39.0/40.39 

34.03/22.35 

39.0/41.9 

17.8/18.9 

7 

Power  dissipation  [Watts] 

405 

285 

460 

260 

8 

Sensors 

gyro  type 

RIG 

RIG 

DTG 

DTG 

9 

day  to  day  [°/h] 

0.05/0.0026 

<0.01 

<0.01 

10 

accelerometer  type 

floated. 

fluid  damped 

dry,  flexure 

dry 

11 

acc.  bias  stability  [g] 

flexure 

support 

flexure  sup¬ 
port 

10*4 

support 

10'4 

5-10*5 

12 

Some  Output  Signals  and  their 
Accuracy 

attitude  [°] 

0.2 

0.15  RMS 

0.2 

0.05(lo) 

13 

heading  [°] 

0.4 

0.15  RMS 

0.4 

0.08(lo) 

14 

15 

ground  speed  [m/s] 
position  [n  m/h] 

<1.7  (95  X), 

1.0 

<0.6  (50  *) 

1  (50  X) 

1  (50*) 

16 

vertical  acceleration  [g] 

<0.7  (50  X) 
0.02 

0.01 

0.06(lo) 

17 

wind  speed  [kn] 

yes 

yes 

yes 

yes 

18 

wind  angle  [°] 

yes 

yes 

yes 

yes 

19 

Remarks  on  System  Mechanization 

wander  azi- 

north  Indl- 

wander  azi- 

wander  azimuth 

muth,  plat¬ 
form  rotation, 
DME  update 

eating 
platform  or 
wander  azi¬ 
muth  (option) 

muth.  ONE 
update 

Table  7.7.1a  Simmiry  of  Some  Characteristics  for  Existing  Platform  Inertial  Navigation  Systems 


No. 

Parameter 

Manufacture 
Model  No. 

Litton 

LTN-90 

Honeywell 

H6  1050 

SAGEM 

MSD 

Teledyne 

TOY-74CA 

Volume  Mitresl/Height  Up) 

1 

inertial  reference  unit 

/20.0 

/20.9 

8/7.5 

28/20 

2 

inertial  sensor  display  unit 

/  0.6 

/  2.2 

2. 8/2.0 

3 

mode  selector  unit 

/  2.3 

4 

total 

/22.9 

/23.1 

8/7.5 

30.8/22 

5 

Power  dissipation  [Matts! 

90 

131 

70 

200 

Sensors 

6 

gyro  type 

RLG.  LG -8028 A 

RLG.GG  1342 

DTG.GSO 

DTG.SOG-5 

7 

day  to  day  drift  E°/hl 

<0.05 

8 

accelerometer  type 

A2 

Sundstrand  QA2000  A  310 
or  Systran  Conner 

4851 

Sundstrand  QA1200 
or  Systran  Conner 
4841 

9 

acc.  bias  stability  [g] 

8-10‘5 

510'5 

Some  Output  Signals  and  their 
Accuracy 

10 

attitude  l°] 

0.1 

0.1 

0.3 

0.03 

11 

heading  [°] 

0.4 

0.4 

0.3 

0.3 

12 

ground  speed  [m/s] 

4.0 

4.9 

4.1 

13 

position  [n  ml/h] 

2 

2 

3 

1.5 

14 

angular  rate  resolution  °/s  / 
band  width  [Hz] 

4.9-10'4/8 

.,.01/5 

0.01/100*) 

15 

acce'.aration  resolution  [g]/ 
band  width  [Hz] 

2.3-10‘S/8 

0.001/8 

0.123/100*) 

16 

wind  speed  resolution  [m/s]/ 
band  width  [Hz] 

0.5/3 

0.3/2 

17 

wind  angle  resolution  [°]/ 
band  width  [Hz] 

1/3 

1.0/2 

18 

Remarks  on  System  Mechanization 

wander  azimuth 

wender  azimuth 

wander  azimuth 

*)pulse  weight  end  update  frequency  of  ingle  Increments  In  degrees  and  velocity  increments  in  m/% 
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Schuler,  H. 
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[7.3] 
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Proceedings  of  the  International  Navigational  Congress  1976,  August 
3-6,  Boston  Museum  of  Science,  page  166  -  172. 

[7.4] 

Wrigley,  W. 
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Proceedings  of  the  International  Navigational  Congress  1976,  August 
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Stleler,  B. 

Klein,  G. 

Contributions  of  Late  Dr.  Johannes  Glevers  to  Inertial  Technology  -  Some 
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[7.9] 

Schrlck,  K.W. 
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Avionics  Navigation  Systems. 

J.  Wiley  and  Sons,  Inc.,  He*  York  (1969). 


[7.15]  Hall,  P.E.  ESGN  Development  Performance  Improvement  through  Modification. 

Proceedings  of  the  Institute  of  Navigation,  National  Marine  Meeting, 
23  and  24  Oct  1973,  US  Merchant  Marine  Academy,  Kings  Point,  N.Y. 


[7.16]  Moore,  J.P. 


[7.17]  Garg.  S.C. 
Morrow,  L.O. 
Maaen,  R. 


Trident  Electrostatically  Suspended  Gyro  Monitor. 

Proceedings  of  the  SAE  Aerospace  Control  and  Guidance  Systems  Committee, 
17  May  1974,  Phoenix,  Arizona. 

Strapdown  Navigation  Technology:  a  Literature  Survey. 

AIAA  Journal  of  Guidance  and  Control,  Vol.  1,  No.  3,  May  -  June  1978, 
page  161  •  172. 


[7.18]  Schmidt,  G.T. 
(Lecture  Series 
Director) 

[7.19]  Gilmore.  J.P. 
McKern,  R.A. 


[7.20]  Donoghue,  P.J. 
Napjus,  G.A. 


Strapdown  Inertial  Systems. 

AGARD  Lecture  Series  No.  95,  May  1978. 


A  Redundant  Strapdown  Inertial  System  Mechanization  SIRU. 
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Germany. 
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AIAA  Journal  of  Guidance  and  Control,  Vol .  1,  No.  3,  May-June  1978,  page 
223  and  224. 

[7.29] 

Rahlfs,  D. 

The  Experimental  Strapdown  System  of  DFVLR. 

Proceedings  of  the  DGON  Symposium  Gyro  Technology,  1979,  Stuttgart, 
Germany. 
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Wetzig,  V. 

Wtllerdieck,  E. 

Simulation  ftir  zwei  Flugbahnen  verschiedener  Dynamik  ohne  iiberlagerte 
Vibrationen. 

Proceedings  of  the  Course  BF  5.05  “Inertial  Navigation,  Methods  of 
Aiding,  Strapdown  Systems"  of  the  Carl-Cranz-Gesellschaft,  Heidelberg, 
Germany  (1980). 

[7.31] 

Stieler,  B. 

Die  Navigationsgleichungen  und  das  Fehlerverhalten  von  TrSgheitsnaviga- 
tionssystemen. 

DFVLR  Interner  Bericht  No.  IB  153  -  76/26  (1976). 

[7.32] 

Stieler,  B 

Ztnz,  H.P. 

On  the  Alignment  of  Platform  and  Strapdown  Systems. 

Proceedings  of  the  DGON  Symposium  on  Gyro  Technology  1978,  Stuttgart, 
Germany. 

[7.33] 

Bacon,  R.H. 

Sonberg,  D.F. 

Swanson,  R.A. 

Probability  Circles  for  Elliptical  Distribution. 

Internal  Report  of  GPL  Division,  General  Precision  Systems,  Inc., 
Pleasantville,  New  York,  July  1957. 

8.  HYBRID  INSTRUMENTATION  SYSTEMS  AND  THEIR  APPLICATION  TO  FLIGHT  TESTING  OF  ON  BOARD  AND  GROUND  EQUIPMENT 

In  the  preceding  chapters  gyroscopic  and  Inertial  measuring  equipment  which  Is  used  for  flight  tests 
has  been  discussed.  The  deterministic  errors  of  these  sensors  and  systems  have  been  described  and  calibra¬ 
tion  methods  which  are  used  to  measure  and  compensate  these  errors  have  been  considered.  The  accuracy  of 
the  sensors  is  then  basically  limited  by  the  stochastic  errors,  which  change  from  switch-on  to  switch-on. 

More  or  less  sophisticated  pre-flight  alignment  and  calibration  procedures  are  applied  to  measure  and  com¬ 
pensate  these  errors.  These  procedures  are  usually  successful  in  the  case  of  random  bias  type  errors  which 
have  different  but  constant  values  for  each  flight.  The  time  varying  random  errors  -  especially  the  medium 
and  high  frequency  errors  -  can  be  reduced  in  part  only  by  direct  filtering  (for  example  low-pass  filter¬ 
ing).  Here  the  engineer  is  confronted  with  the  problem  that  direct  filtering  not  only  affects  the  errors 
but  also  destroys  the  high  frequency  signal  Information. 

A  way  out  of  this  problem  consists  f  using  redundant  integrated  instrumentation  and  of  applying  filters 
to  the  difference  between  the  redundant  sensor  signals.  The  principles  of  this  method  will  be  explained  in 
this  chapter  and  examples  will  be  given. 

The  basic  principle  of  error  reduction  in  a  hybrid  sensor  system  is  explained  with  the  help  of  Fig.  8.0.1. 
The  sensors  A  and  B  measure  the  same  physical  quantity,  e.g.  the  aircraft  velocity.  They  have  been 
selected  so  that  they  have  different  error  characteristics.  For  example  the  sensor  A  may  have  low  frequen¬ 
cy  errors  (e.g.,  INS)  and  the  sensor  B  high  frequency  errors  (e.g.  Doppler  radar,  which  is  discussed  la¬ 
ter  in  this  chapter).  The  difference  between  the  velocity  outputs  of  these  two  sensors  contains  only  in¬ 
formation  about  the  errors  of  these  sensors  and  not  about  the  true  velocity.  This  fact  has  to  be  explained. 
The  indicated  velocities  vA  and  v°  are  the  sum  of  the  true  velocity  v  and  the  sensor  errors  «v*  and  «vB 

vA  =  v  +  «vA 

vB  ■  v  +  «VB 
The  difference  is 

Av  «  vA  -  vB  =  avA  -  svB. 

So  if  filtering  is  applied  to  the  difference  between  both  sensor  outputs,  the  true  signal  v,  is  not  affec¬ 
ted.  This  is  the  first  great  advantage  of  filtering  in  a  hybrid  sensor  system  in  comparison  with  direct 
filtering  of  the  sensor  output.  The  second  advantage  is  that  the  use  of  detailed  models  of  the  sensor  er¬ 
rors  allows  the  identification  of  the  deterministic  and  stochastic  errors  with  high  accuracy,  so  that  these 
errors  can  be  compensated  with  similar  accuracy.  If  recursive  filters  are  used  (e.g.  Kalman  Filters)  one 
obtains  continuous  estimates  of  these  errors,  which  can  be  compensated  on-line.  An  important  condition 
for  the  success  of  this  hybrid  filtering  is  that  the  sensor  errors  are  complementary,  for  instance  when 
they  have  different  frequency  spectra  (e.g.  low  and  high  frequency  errors).  These  types  of  hybrid  fil¬ 
ters  will  be  discussed  in  the  following  text: 

-  Conventional  (analog)  filtering. 

-  Kalman  filtering. 

-  Optimal  smoothing. 

The  mathematical  theory  of  these  methods  will  not  be  explained  in  this  text  -  only  the  principles  will 
be  discussed.  The  reader  who  wants  to  apply  these  methods  is  referred  to  excellent  text  books  existing  on 
these  subjects  [8.1,  8.2], 

As  an  example.  Fig.  8.0.2  shows  a  hybrid  autonomous  measuring  system  for  the  aircraft  attitude,  accele¬ 
ration,  velocity  and  trajectory,  which  uses  a  Kalman  filter.  The  measurements  of  the  INS  are  compared  with 
those  of  an  additional  sensor,  such  as  a  Doppler  radar  or  TACAN.  The  difference  between  the  measurements, 
which  in  the  Kalman  filtering  theory  is  called  the  "measurement",  is  fed  into  a  Kalman  filter  which  esti¬ 
mates  the  errors  of  the  INS  and  the  additional  sensor.  These  errors  can  then  be  corrected  on-line  with 
the  help  of  a  suitable  controller. 

Another  example  is  shown  in  Fig.  8.0.3,  describing  a  hybrid  system  for  reference  trajectory  measurement. 
This  system  uses  an  optimal  smoothing  technique  and  the  figure  sunmarizf'  the  basic  principles  of  this 
technique.  The  low  frequency  aircraft  motions  are  measured  wi  h  high  precision  by  a  tracking  radar,  by  a 
long  distance  radar,  by  TACAN  or  by  cinetheodolites.  Only  low  frequency  sampling  is  required  (e.g.  once 
every  10  seconds).  The  high  frequency  motions  of  the  aircraft  are  measured  by  the  on-board  INS  or  by  the 
Doppler  navigation  system.  These  navigation  system:  have  the  necessary  short  te;m  stability  to  provide  an 
accurate  measurement  of  the  high  frequency  aircraft  motions.  The  smoothing  technique  is  applied  in  the 
following  manner.  The  differences  b  tween  the  position  measurements  of  the  on-board  and  the  ground-based 
sensors  are  fed  into  an  optimal  smoothing  algorithm,  which  estimates  the  (low  frequency)  errors  of  the  on¬ 
board  sensors  with  high  precision.  The  measurements  of  the  on-board  sensors  are  then  corrected  for  the 
estimated  errors  to  obtain  the  reference  trajectory,  velocity,  attitude  and  heading.  Thus  the  optimal 
smoothing  is  applied  only  to  the  difference  between  measurements  of  two  sensors  and  this  difference  is 
equal  to'the  difference  of  the  errors  of  both  sensors,  and  the  true  trajectory  is  not  affected  by  the 
smoothing  process.  We  shall  see  later  on  that  smoothing  can  be  applied  only  off-line,  because  the  smoothing 
algorithm  uses  all  the  measurements  taken  during  the  flight  test  in  order  to  estimate  the  sensor  errors. 

But  this  is  no  restriction  in  most  cases,  when  the  reference  data  are  required  with  high  precision  after 
the  flight  test. 

8.1  Models  for  the  Sensor  Errors 

As  examples  of  the  sensor  error  modelling,  an  inertial  navigation  system  and  a  Doppler  radar  system  are 
considered.  The  former  is  described  ir  Chapter  7.  laboratory  measurements  for  the  horizontal  channels  of  an 
INS  of  the  type  Litton  IN3  are  shown  u.  Fig.  7.3.5,  The  error  model  describing  these  measurements  is 
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CORRECTION  OF  ESTIMATED  SENSOR  ERRORS 


Fig.  8.0.1  Basic  Principle  of  Error  Reduction  in  a  Hybrid  System 


Fig.  8.0.2  Hybrid  Measuring  System  for  Attitude,  Acceleration,  Velocity  and  Position 


SMOOTHED  REFERENCE  TRAJECTORY 
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Fig.  8.0.3  Hybrid  System  for  Reference  Trajectory  Measureeient 
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summarized  In  Eqs. (7.3.23a  to  g).  The  corresponding  block  diagrams  are  shown  In  Figs.  7.3.3  and  7,3.4. 

Sections  7.3.5  and  8. 2. 1.1  deal  with  the  error  model  of  the  vertical  channel  which  is  augmented  by  the 
barometric  altimeter.  The  error  growth  of  the  unaided  inertial  altitude  is  plotted  in  Fig.  7.3.11.  The 
block  diagram  including  the  augmentation  is  shown  in  Fig.  7.3.3.  The  measurements  and  the  theoretical  error 
models  prove  the  statement  that  the  INS  has  excellent  short  term  stability  but  that  its  error  increases 
with  time. 

We  will  now  discuss  the  error  of  a  Doppler  radar.  Fig.  8.1.1  shows  a  comparison  of  the  horizontal  air¬ 
craft  velocities  of  the  DFVLR  HFB  320  test  aircraft  measured  by  the  well -calibrated  and  aligned  LN3,  and 
by  the  Doppler  radar:  the  correlation  time  of  the  Doppler  radar  errors  is  of  the  order  of  a  few  seconds, 
so  that  the  assumption  of  an  uncorrelated  Doppler  error  seems  to  be  justified  for  the  most  applications. 


Fig.  8.1.1  Measured  Velocity  of  the  Test  Aircaft 

The  accuracy  of  the  filtered  estimates  of  the  sensor  errors  depends  strongly  on  the  short  term  stabili¬ 
ty  of  the  on-board  sensors.  For  the  calibrated  INS,  the  short  term  position  error  is  primarily  caused  by 
the  noise  in  the  acceleration  measurements.  This  noise  is  twice  integrated  to  give  the  INS  position  error. 

In  the  Doppler  system  the  short  term  position  error  is  caused  by  the  fluctuation  (velocity)  error.  This 
velocity  noise  is  integrated  to  give  the  Doppler  position  error.  (These  statements  are  only  valid  if  all 
the  constant  errors  in  the  INS  and  the  Doppler  system  are  perfectly  estimated  and  compensated.) 

Fig,  8,1.2  shows  the  time  variation  of  these  short  term  position  errors  for  a  Doppler  and  an  Inertial 
navigation  system;  in  this  example  a  Doppler  fluctuation  error  of  2  m/s  (lo)  and  an  acceleration  noise  of 
10*3g  (la)  sampled  with  5  Hz  have  been  assumed. 

-  The  Doppler  position  error  (random  walk)  increases  rapidly  in  the  first  hundred  seconds  (3  m  in  2  s; 

7  m  in  10  s). 

-  The  INS  position  error  (integrated  random  walk)  remains  very  small  in  the  first  hundred  seconds  (  1cm 
in  2  s;  8  cm  in  10  s). 

Fig.  8.1.2  demonstrates  that  this  INS  with  very  noisy  acceleration  measurements  has  by  far  the  better 
short  term  stability  compared  with  the  Doppler  system.  If  the  measurements  of  the  radar,  which  are  used  to 
aid  the  on-board  sensors  are  sampled  once  per  10  seconds,  the  position  error  due  to  the  INS  can  be  neglected 
between  the  successive  measurements.  But  in  the  Doppler  system  a  random  error  of  the  order  of  10  metres 
builds  up  between  these  measurements,  thus  basically  limiting  the  obtainable  accuracy  of  the  hybrid  system. 

8.2  Filtering  Procedures 

In  this  section,  conventional  (analog)  filtering,  Kalman  filtering  and  optimal  smoothing  are  discussed, 
as  examples  for  the  filtering  techniques  which  are  in  use  for  flight  tests. 

8.2.1  Conventional  (analog)  Filtering 

As  examples  for  this  technique,  the  conventional  baro-INS  and  the  conventional  Doppler-INS  mechaniza¬ 
tions  are  considered. 


8. 2. 1.1  Conventional  Baro-INS 

The  conventional  augaentation  of  the  vertical  channel  of  the  platform  is  shown  in  Fig.  8.2.1.  The  diffe¬ 
rence  between  the  hybrid  height  h  and  the  barometric  height  hk  is  fed  back  through  the  gam  factors,  Ki  and 
*2,  for  the  correction  of  the  vertical  velocity  and  height.  The  factors  Kj  and  Kz  are  chosen  so  that  the  con¬ 
trol  system  (second  order)  shows  a  reasonable  transient  behaviour  and  that  the  hybrid  height  follows  the 
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barometric  height  well.  For  the  test  flights,  Ki  and  Kg  were  chosen  such  that  Kj  »  2/T  and  K2  *  l/T?  with 
T  *  30  seconds;  that  is,  the  two  poles  of  the  control  system  were  Identical.  As  a  result  of  this  soft 
coupling,  the  hybrid  height  follows  long-term  alterations  of  the  barometric  height,  but  smoothes  out 
Its  short-term  fluctuations  (see  Fig.  8.2.2). 


1 


1 


Fig.  8.2.1  Conventional  Barometric  Aiding  of  the  Vertical  Channel  of  an  INS 
In this  process  an  accelerometer  bias  By  produces  steady  velocity  and  height  errors  such  as 

«h  -  2FBV 

ah  •  T2By. 

For  B  «  10'*  g,  the  errors  for  T  «  30  seconds  are  ah  «  1  meter  and  «i i  »  0.06  meter  per  second.  The  mix¬ 
ing  process  has  the  drawback  that  the  Indicated  height  (baro-lnertlal  height)  still  has  the  same  low  fre¬ 
quency  errors  as  the  barometric  height,  especially  those  dependent  upon  weather  and  sensor  position. 

8. 2. 1.2  Conventional  Doppler-INS 

The  conventional  Doppler  aiding  of  the  INS  consists  of  feeding  the  differences  between  the  INS  veloci¬ 
ties  and  the  Doppler  velocities  back  Into  the  INS  to  correct  the  platform  attitude  and  velocity. 


t 
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Fig.  8.2.2  Comparison  of  Baro-Inertial  and  Barometric  Height  of  the  Test  Aircraft 


Fig.  8.2.3  Third-Order  Levelling  and  Gyrocompassing  Loop  of  a  Doppler/ Inertial  Systa* 


171 


Fig.  8.2.3  shows  the  error  block  diagram  of  a  third-order  in-flight  gyrocompassing  loop,  whereby  the 
Doppler  velocities  measured  in  the  body-fixed  coordinate  frame  are  resolved  into  the  north  and  east  direc¬ 
tions  by  the  attitude  and  heading  angles  as  measured  by  the  INS.  This  is  indicated  in  the  upper  right  cor¬ 
ner  of  Fig.  8.2.3.  Due  to  the  feedback  in  the  horizontal  channels  the  Schuler  oscillations  of  the  autono¬ 
mous  INS  are  damped  and  the  frequency  is  augmented:  the  loops  are  N-times  Schuler  tuned  and  often  criti¬ 
cally  damped.  Analog  aiding  of  this  kind  has  the  effect  that  this  hybrid  system 

-  has  a  very  accurate  non-delayed  short  term  velocity  output,  but 

-  follows  the  low  frequency  Doppler  errors. 

Fig.  8.2.3  also  shows  that  the  north  velocity  difference  between  INS  and  Doppler  is  fed  back  to  the 
vertical  gyro  torquer  to  correct  the  azimuth  INS  misalignment.  This  alignment  procedure  in  the  vertical 
channel  becomes  feasible  since  the  errors  of  the  INS  due  to  the  azimuth  misalignment  differ  in  the  north- 
south  channel  from  those  of  a  dead  reckoning  system,  i.e.  the  Doppler  system  (see  Section  7.3.2  and  Eq. 
(7.3.18)).  In  the  east-west  channel  the  INS  error  due  to  azimuth  misalignment  equals  the  Doppler  crosstrack 
error  and  feedback  of  the  corresponding  velocity  difference  is  of  no  use. 

Eq.  (7.3.21)  finally  reveals  that  also  in  the  north-south  channel  the  INS  error  is  equal  to  that  of  the 
dead  reckoning  system,  if  it  was  aligned  initially  using  the  stationary  gyrocompassing  procedure.  From 
this  we  may  deduce  that  Eq.  (7.3.19c)  also  limits  the  in-flight  gyrocompassing  accuracy  under  the  presump¬ 
tion  that  the  Doppler  velocities  are  measured  accurately  in  the  body-fixed  coordinate  frame.  Any  azimuth 
misalignment  of  the  Doppler  antenna,  for  instance,  causes  a  corresponding  INS  misalignment. 

8.2.2  Kalman  Filtering 

Kalman  filtering  is  extensively  used  in  integrated  navigation  systems.  The  underlaying  theory  has  been 
described  in  many  excellent  text-books  [8.2,  8.3]  and  also  the  equations  which  have  to  be  solved  are  given 
there.  In  this  chapter  only  the  basic  principles  will  be  discussed,  so  that  the  flight  test  engineer  can 
understand  how  such  filters  work. 

These  basic  principles  are  explained  using  Fig.  8.0.1.  At  the  beginning  of  this  chapter  it  has  been 
shown  that,  in  hybrid  systems,  filtering  is  applied  to  the  differences  of  the  sensor  errors.  Thus  the  Kal¬ 
man  filter  in  Fig.  8.0.1  is  operating  on  the  sensor  errors  only.  The  heart  of  the  Kalman  filter  is  a  mathe¬ 
matical  model  of  these  sensor  errors,  such  as  those  considered  in  Sections  7.3  and  8.1.  With  these  models, 
starting  with  rather  arbitrary  initial  values  which  have  to  be  set  by  the  filter  designer,  the  filter  com¬ 
putes  the  values  for  the  sensor  errors  which  are  to  be  expected  from  the  next  measurement  under  the  assump¬ 
tion  that  the  initial  values  are  correct.  The  actually  observed  sensor  errors  are  of  course  different  from 
those  which  have  been  forecast  by  the  model.  The  Kalman  filter  is  now  able  to  correct  the  values  of  the 
errors  in  the  model  in  such  a  manner  that,  with  increasing  number  of  measurements  taken,  the  errors  in  the 
model  approach  more  and  more  to  the  actual  sensor  errors.  So  the  sensor  errors  are  Identified  in  the  model 
by  the  Kalman  filter  and  can  be  corrected  in  the  process.  It  has  become  obvious  in  looking  at  the  Kalman 
filter  operation  that  the  success  of  filtering  greatly  depends  on  the  quality  of  the  mathematical  models 
on  which  these  filters  are  based. 

8.2.3  Optimal  Smoothing 

In  hybrid  reference' systems,  high  precision  information  on  the  aircraft  trajectory,  velocity,  attitude 
and  heading  can  be  obtained  by  smoothing  the  radar  with  the  help  of  an  INS  or  Doppler  system.  Direct 
smoothing  of  radar  data  is  very  common  in  flight  test  evaluation,  for  example  by  least  square  curve  fitting 
techniques.  The  disadvantage  of  direct  smoothing  is  that  not  only  the  high  frequency  errors  of  the  tracking 
radar  but  also  the  high  frequency  movements  of  the  aircraft  are  smoothed  out.  This  disadvantage  is  avoided 
when  the  hybrid  technique  described  in  this  section  is  used. 

The  smoothing  algorithm  used  for  the  evaluation  of  DFVLR  flight  tests  Is  that  given  by  Rauch/Tung/ 
Striebel  [8.4],  which  consists  of  a  Kalman  forward-  and  a  backward-filter. 

8. 2.3.1  Forward-Filtering 

The  Kalman  filter  equations  are  solved  for  the  flight  time  under  consideration.  The  results  are  the 
estimates  of  the  sensor  errors  just  as  In  the  case  of  the  usual  Kalman  filtering. 

8. 2. 3. 2  Backward-Smoothing 

The  backward-smoother  equations  are  solved  backwards  in  time,  utilizing  and  improving  the  error  esti¬ 
mates  of  the  forward-filter. 

The  improved  accuracy,  which  is  obtained  by  smoothing  the  data,  in  comparison  with  normal  Kalman  filter¬ 
ing  can  be  explained  with  the  help  of  Fig.  8.2.4.  This  figure  shows  the  optimal  smoother  in  a  somewhat 
diferent  mathematical  formulation,  the  two-filter-form.  In  this  formulation  the  optimal  estimate  of  the 
state  vector  at  the  time  t  is  obtained  by  combining  two  Kalman  filter  estimates  in  an  optimal  manner:  A 
Kalman  forward-filter  gives  an  estiamte  of  the  sensor  errors  at  the  time  t,  based  on  all  the  measurements 
before  the  time  t.  This  estimate  has  the  accuracy  of  ordinary  Kalman  filtering.  The  second  estimate  is 
obtained  from  ?  backward  Kalman  filter  and  gives  an  estimate  of  the  sensor  errors  st  the  time  t,  based  on 
all  the  measurements  collected  after  the  time  t.  The  smoothed  estimate  1$  the  weighted  mean  of  these  two 
estimates.  It  can  be  shown  that  the  smoothed  estimate  Is  always  at  least  as  accurate  as  the  Kalman  filtered 
one.  In  most  cases  it  is  considerably  more  accurate. 


172 


FORWARD  AND  EACKWAFD  ESTIMATE  AT  TIME  t 

Smoothed  estimate 

Weighted  mean 

for  time  t 

of  estimates  ft  (t)  and  x,  (t) 

-  ~D 

Kalman-forward-f ilter 

Kalman-backward-f ilter 

_ _ _ A _ 

Estimate  R(t) 

* - v 

*w(tl 

~ 

-b 

Estimation  error  P(t) 

pb(ti 

< 

■* - < 

l 

Time 

|  0  t  T  | 

Fig.  8.2.4  Smoothing  Algorithm  Principle 


8.3  Examples  of  Hybrid  Systems 

Inertial  Navigation  Systems  are  widely  used  for  the  flight  testing  and  calibration  of  navigation  equip¬ 
ment  (e.g.  [8.5],  [8.6]).  The  two  examples  of  hybrid  systems  described  in  the  Sections  8.3.1  and  8.3.2 
are  used  to  Illustrate  the  methods  and  to  demonstrate  the  accuracy  potential  of  these  Instrumentation  systems. 


8-3.1  Hybrid  Reference  System  for  the  Testing  of  a  Microwave  Landing  System 

The  DME-based  Landing  System  (OLS)  has  been  the  German  candidate  in  the  ICAO  competition  for  the  next 
generation  landing  systems.  The  DLS  has  been  tested  by  DFVLR  at  the  Braunschweig  airport.  Hybrid 
measuring  techniques  have  been  applied  during  these  test* 

The  OLS  landing  system  had  to  be  tested  mainly  m-fllght,  when  the  exact  position  of  the  aircraft  was 
measured  by  the  tracking  system,  so  that  the  outputs  of  the  DLS  on-board  sensors  could  be  compared  with 
this  reference  flight  path.  According  to  a  rule  of  thumb,  the  accuracy  requirements  for  the  tracking  system 
should  be  better  than  the  accuracy  expected  from  the  OLS  system  by  one  order  of  magnitude,  which  could  be 
met  only  if  at  least  for  short  ranges  the  measurements  were  based  on  cinetheodolites.  They  are 
the  most  accurate  tracking  sensors.  The  cinetheodolites  have  one  drawback:  the  data  evaluation  Is  cumber¬ 
some.  In  order  to  alleviate  this  problem  the  DFVLR  had  decided  to  pursue  the  following  proposal  (s.  Fig. 
8.3.1). 
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The  ground  based  sensors 

3  cinetheodol ites 

1  tracking  radar 

giving  intermittent  tracking  data  with  high  accuracy  were  supplemented  by  on-board  sensors 

1  inertial  platform 

1  barometric  altimeter 

giving  continuous  tracking  data.  The  inertial  system  is  aided  in  the  vertical  channel  by  a  barometric 
altimeter  and  has  a  high  short-time  but  a  relatively  low  long-time  accuracy.  Thus  the  characteristics  of 
ground-based  and  on-board  sensors  are  complementary  Because  of  the  special  data  evaluation  process  for  the 
cinetheodol ites  (processing  of  the  films,  manual  evaluation  of  each  picture  and  storing  the  information  on 
punched  card),  all  data  can  only  be  combined  off-line  for  reference  flight  path  computation. 

The  major  purpose  of  the  on-board  sensors  was  to  "interpolate*  between  2  position  fixes.  For  a  quasi 
continuous  reference  flight  path  of  1  point  every  1/30  s.  one  position  fix  wts  then  required  only  every 
8  s. 

The  data  flow  in  Fig.  8.3.1  is  as  follows.  The  time  base  of  the  system  was  a  digital  counter  (frame 
counter)  on  board  the  aircraft.  By  means  of  a  PCM  telemetry  system  the  following  data  required  for  the 
computation  of  the  flight  path  were  transmitted  to  the  ground  by  telemetry: 

-  frame  count, 

-  3  accelerations  as  measured  by  the  inertial  platform, 

-  2  velocities  as  computed  by  the  analog  computer  of  the  inertial  system, 

-  roll-,  pitch-  and  yaw  angle  of  the  aircraft  as  measured  by  the  platform, 

-  2  Doppler  velocities,  and 

-  barometric  altitude. 

The  frame  counts  received  on  the  ground  controlled  the  radar  and  cinetheodol ites  measurements.  This 
guaranteed  a  high  accuracy  for  the  synchronization  of  all  data  measured  on  the  ground  and  on  board.  The 
time  between  2  fixes  was  in  general  8.388  s.  The  radar  measurements  were  stored  on  punched  tape.  The 
weighted  combination  of  all  ground  based  measurements  and  mixing  with  the  on-board  measurements  was  done 
in  a  Kalman  filter.  In  carrying  out  the  measurements  it  was  necessary  to  define  a  rectangular  coordinate 
system.  The  origin  of  this  system  was  centered  in  the  azimuth  antenna  of  the  DLS  system  (DLS-A  Station). 

The  x-axIs  was  aligned  with  the  runway  and  pointed  nearly  east  (84,  782°),  the  y-axis  nearly  north  and 
the  z-axis  upwards. 

The  cinetheodol ites  are  Bodenseewerk  KTH  59.  Here  the  tracking  is  done  manually  by  handwheels  and  by 
means  of  telescopes.  Ouring  the  DLS  trial,  the  registrations  were  made  synchronously  with  the  radar.  The 
tracking  radar  was  the  Hollandse  Signaalapparaten  L4/3.  This  radar  follows  the  target  automatically  during 
the  measuring  process,  and  gives  the  angles  of  elevation  and  azimuth  of  the  antenna  system  and  the  slant 
range  to  the  target.  Automatic  tracking  is  achieved  by  rotation  of  the  radar  beam  (conical  scan).  The 
distance  to  the  target  is  determined  by  the  interval  between  transmission  and  reception  of  every  individual 
radar  pulse. 

The  test  aircraft,  a  Dornier  Do  28,  is  shown  in  Fig.  8.3.2  and  part  of  the  on-board  electronics  can  be 
seen  in  Fig.  8.3.3:  the  inertial  system  (Litton  LN3-2A)  and  the  CAMAC  Interface  for  digitizing  the  signals. 
Not  included  in  the  figure  are  the  Doppler  radar  and  the  barometric  altimeter.  The  inertial  system  consists 
of  the  inertial  platform,  the  analog  computer,  the  flux  valve  for  coarse  alignaent  of  the  platform  and  the 
align  control  plus  switch-on  unit.  This  unit  also  contains  the  preamplifier  and  analog  readout  for  the 
signals. 


Fig.  8.3.2  DO  28  Test  Aircraft 
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Fig.  8.3.3  On-Board  Equipment  of  the  DO  28  Test  Aircraft 

As  mentioned  above,  all  on-board  signals  -  the  accelerations,  velocities,  the  attitude  and  heading  angles, 
the  Doppler  velocity,  the  barometric  altitude  -  were  digitized  in  the  CAMAC  interface  and  fed  to  the  PCM 
telemetry. 

The  Doppler  radar  was  the  General  Precision  Laboratory  AHP-153  (V).  Its  radio  energy  is  transmitted  in¬ 
coherently  and  as  Impulses.  The  antenna  is  pitch  and  track  stabilized.  The  barometric  altimeter  was  the 
Rosemount  Engineering  Company, Model  840E. 

In  general,  only  three  measurements  are  necessary  to  determine  the  position  of  a  target.  From  the  three 
cinetheodolites  and  the  tracking  radar  nine  measurements  are  available  and  the  position  of  the  target  is 
overdetenalned.  Therefore  the  calculation  of  the  various  position  fixes  was  achieved  by  means  of  an  optimum 
fitting  using  the  least  mean  square  method.  The  evaluation  program  for  the  computer  was  set  up  in  such  a 
way  as  to  permit  working  with  less  than  nine  data  points.  For  further  processing,  the  coordinates  of  the 
position  fixes  were  stored  on  magnetic  tape.  The  accuracy  of  the  various  points  can  be  expressed  by  the 
error  covariance  matrix  which  was  determined  for  each  position  fix  based  on  the  radar  specifications 
(range-,  elevation-,  azimuth  accuracy).  The  ground-derived  data  from  the  cinetheodolites  and  the  radar 
including  the  covariance  matrix  describing  the  accuracy  of  the  information  were  recorded  on  magnetic  tape. 

The  data  measured  on  board  -  3  components  of  the  acceleration  from  the  INS,  2  components  of  the  velocity 
from  the  INS,  2  components  of  the  velocity  from  the  Doppler  radar,  barometric  altitude  -  were  transmitted 
from  on-board  to  ground  and  stored  on  magnetic  disc.  The  synchronization  of  the  data  on  magnetic  tape  and 
on  magnetic  disc  was  based  on  the  frame  counter  setting  transmitted  from  on-board  to  ground  and  recorded 
on  tape  and  disc  as  the  first  word  of  each  data  frame. 

Based  on  the  INS  velocity  outputs  the  computation  of  the  raw  flight  path  was  carried  out  with  a  frequency 
of  5  Hz.  By  comparing  the  frame  counter  setting  on  the  magnetic  disc  and  on  the  magnetic  tape  a  posi¬ 
tion  fix  was  recognized  by  the  computer,  which  started  the  Kalman  filter  algorithm  for  estimating  the  INS 
error  state  vector.  The  state  vector,  state  transition  matrix  and  covariance  matrices  before  ^nd  after  the 
measurement  were  temporarily  stored  on  magnetic  disc.  When  the  last  position  fix  had  been  processed,  the 
smoothing  of  the  INS  errors  (using  the  Rauch-Tung-Striebel  algorithms)  backwards  in  time  was  started  based 
on  the  forward  filter  state  vector,  transition  matrix  and  covariance  matrices  stored  temporarily  on  the 
disc. 

Since  the  final  smoothed  error  state  vector  estimates  for  correcting  the  INS  flight  path  were  8  seconds 
or  sometimes  more  apart  (if  no  position  fix  was  at  hand)  while  the  flight  path  had  to  be  corrected  at  a 
frequency  of  5  Hz,  the  errors  during  the  8  seconds  had  to  be  calculated  by  interpolation.  Then  the  final 
reference  flight  path  could  be  calculated.  An  Interesting  figure  for  the  reference  flight  path  is  the  self- 
diagnosis  of  the  estimation.  This  la-band  for  the  reference  flight  path  is  simply  the  square  root  of  the 
corresponding  value  on  the  main  diagonal  of  the  covariance  matrix.  Since  the  optimal  estimation  was  not 
tied  down  to  fixed  time  Intervals,  the  reference  flight  path  computation  could  also  be  carried  out  when 
the  aircraft  was  out  of  the  range  of  the  tracking  radar  and  the  cinetheodolites.  The  reference  fliqht  path 
was  then  based  solely  on  the  INS  with  position  errors  growing  according  to  its  error  dynamics. 

The  data  flow  during  the  final  reference  flight  path  computation  is  illustrated  in  this  flow-diagram: 
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The  ground  and  the  on-board  data  are  read  from  the  magnetic  tapes.  The  INS  flight  path  Is  computed  using  the 
measured  velocity.  Every  8  seconds  -  If  a  position  fix  Is  available  -  the  INS  errors  are  estimated  with 
the  help  of  the  forward  Kalman  filter.  After  the  Ust  position  fix  the  INS  error  data  are  processed  In  the 
backward  filter.  Finally  the  INS  fllghtpath  is  corrected  for  the  Interpolated  INS  errors  which  have  been 
estimated. 

In  the  following  discussion  the  accuracy  of  the  reference  trajectory  Is  described,  as  achieved  in  three 
typical  flight  tests  by  smoothing  the  tracking  radar  and  clnetheodolltes  data  using  the  Information  of  the 
on-board  sensor  system.  The  errors  In  these  cases  have  been  computed  with  respect  to  the  DIS-coordi nates, 
azimuth,  elevation  and  slant  range.  As  reference  point  for  the  cine theodolite  measurements,  a  flash  lamp 
which  was  mounted  between  the  main  landing  gears  was  used.  Because  of  the  location  the  flash  light  was  not 
visible  on  every  clnetheodollte  picture.  The  awasurlng  accuracy  of  the  clnetheodolltes  was  therefore  limited 
to  0.3  m  for  the  error  analysis. 
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figs.  8.3.4  to  8.3.8  show  the  accuracy  of  tha  reference  trajectory  (le)  for  throw  typical  flights. 

Figs.  8.3.4  to  8.3.6:  The  aircraft  was  flying  at  10.000  ft  froa  12  m  to  i  m  so  a  redial  towards  the 
OLS-A  station,  because  of  Insufficient  visibility,  no  cinethendottte  aaesoreaents  wore  possible.  The  infe¬ 
rence  trajectory  was  coeluted  using  the  tracking  radar  and  IRS  data.  The  aaata*  route  of  the  radar  is 
28  m;  therefore  beyond  28  no,  only  INS  was  available,  which  leads  to  an  Incraoslag  error  of  the  trajectory 
with  Increasing  dlstanca.  This  Is  clearly  seen  In  the  plot  for  the  K  error.  This  effect  Is  etamt  not 
visible  In  the  plots  for  tha  angular  errors,  because  with  lacreeslag  n,  y,  i -errors  the  dlsteaco  to  the 
OLS  stations  Is  also  Increasing.  The  angular  errors  Increase  whoa  the  aircraft  approaches  the  0LS  stations 
due  to  the  following  geoaetrlc  effect:  for  constant  a,  v,  i -errors,  the  angular  error  hoc  owes  very  groat 
If  the  slant  range  to  the  DCS  stations  he coast  vary  aaalt. 
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Fig.  8.3.4  Accuracy  of  the  Reference  Systea  for  the  Dlsttnce  to  the  Test  Aircraft 
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Fig.  8.3.5  Accuracy  of  the  Reference  Systea  for  the  Azlauth  to  the  Test  Aircraft 
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ftadltl  Flight 
Altitude  10  000  feet 


Fig.  8.3.6  Accuracy  of  the  Reference  System  for  the  Elevation  Angle  to  the  Test  Aircraft 


Fig.  8.3.7:  The  aircraft  was  flying  at  3000  ft  on  a  radial  to  the  OLS-A  station.  This  flight  Illustrates 
the  reference  trajectory  accuracy  when  different  combinations  of  the  sensors  are  used:  Beyond  9  no  track¬ 
ing  radar  and  INS  are  available.  For  a  short  period  of  time  the  radar  had  lost  the  target.  Between  9  and 
S  nm,  only  one  cinetheodol ite  could  track  the  aircraft.  At  a  distance  of  1  no  from  the  DLS-A  station  -  i.e. 
close  by  the  0LS-E  station  -  a  telemetry  breakdown  occured,  because  the  aircraft  was  flying  over  the  tele¬ 
metry  station.  So  the  synchronization  was  cut  off  and  no  on-board  data  were  available  for  the  evaluation. 

Fla.  8.3.8:  This  figure  displays  the  errors  during  final  approach.  In  this  case  all  the  sensors  were  in 
operation  (3  cine theodolites,  tracking  radar  and  INS).  The  geometric  effects  due  to  a  small  distance  be¬ 
tween  the  aircraft  and  the  OLS  stations  are  clearly  visible. 
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Fig.  8.3.7  Accuracy  for  the  Distance  to  the  Test  Aircraft 
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Fig.  8.3.8  Accuracy  for  the  Elevation  Angle  to  the  Test  Aircraft 


Fig.  8.3.9  shows  the  results  of  measurements  which  were  taken  during  conventional  centerline  approches. 
In  the  figure  the  difference  between  the  y-eomponents  of  the  DLS  signal  and  the  reference  is  displayed  in 
rectangular  coordinates.  The  reference  trajectory  in  this  ease  has  been  calculated  by  smoothing  the  cine- 
theodolite  data  with  the  INS.  The  mean  value  of  this  difference  is  very  small:  0.42  m.  The  standard  devia¬ 
tion  (lo)  is  also  very  small,  as  can  be  seen  in  this  figure:  0.7S  m.  The  error  of  the  reference  system  is 
certainly  not  correlated  with  the  DLS  error,  so  that  it  is  correct  to  assume  that  the  random  error  of  the 
reference  (la)  is  not  greater  than  0.75  m.  But  the  structure  of  the  difference  signal  clearly  indicates 
that  the  main  part  of  this  error  is  due  to  the  DLS  system  because  the  reference  trajectory  cannot  contain 
such  high  frequency  errors.  The  conclusion  can  be  drawn  that  the  integrated  reference  system  can  provide 
an  accuracy  of  the  order  of  50  cm,  with  cinetheodolites  measurements  taken  every  8  seconds. 

The  overall  results  whicn  have  been  obtained  during  the  DLS  testing  campaign  have  shown  that  the 
approach  of  an  integrated  measuring  system  for  the  flight  path  using  optimal  smoothing  techniques  is  both 
economic  with  respect  to  the  evaluation  workload  and  provides  very  high  accuracies. 
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Fig.  8.3.9  Difference  between  the  DLS  Signal  and  Reference  System  Measurement 
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8.3.2  Hybrid  Reference  System  for  the  Flight  Testing  of  a  Doppler  Navigation  System 

The  flight  testing  of  Doppler  navigation  systems  is  another  example  of  the  successful  application  of  a 
hybrid  measuring  system.  In  general  for  the  evaluation  of  such  flight  tests,  the  aircraft  position,  velo¬ 
city  and  sometimes  also  attitude  and  heading  have  to  be  known  with  very  high  accuracy.  A  hybrid  measuring 
system  consisting  of  ground  equipment  (tracking  radars)  and  on-board  sensors  (Inertial  navigation  systems, 
INS)  can  provide  this  accuracy.  This  fact  will  be  illustrated  by  a  few  test  results  presented  in  this  sec¬ 
tion. 

For  the  Doppler  navigation  system  tests  the  DFVLR  test  aircraft  HFB  320  (Fig,  8.3.10)had  beei  used.  This 
aircraft  contains  advanced  on-board  instrumentation  (Fig.  8.3.11,  see  also  Section  9. A): 

-  fly-by-wire  system 

-  general  purpose  on-board  computer 

-  INS 

-  magnetic  tape  with  high  storage  capacity 

-  quick-look  capability 

-  several  attitude  reference  systems,  etc. 

For  the  Doppler  tests  the  main  on-board  instruments  used  were  the  Litton  LN3  inertial  platform,  the  Sperry 
SYP-820  attitude  and  heading  reference  system  and  three  different  types  of  Doppler  radars  (stabilized  and 
fixed  antennas,  pulse  and  CW  Dopplers).  The  measurements  of  these  sensors  were  recorded  on  magnetic  tape 
at  high  frequency  (10  times  per  second). 


Fig.  8.3.10  HFB  320  Test  Aircraft 


Fig.  8.3.11  HFB  320  On-Board  Instrumentation 
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As  a  typical  example  of  a  fllghc  profile  for  long  range  tests.  Fig.  8,3.1?  shows  a  flight  from  Hannover 
airport,  via  Meppen,  Norderney  and  Helgoland  back  to  Hannover.  The  flight  track  lies  partly  within  the 
range  of  three  tracking  radars,  at  Hannover  (L  4/3),  Meppen  (KPS-36)  and  Norderney  (Fledermaus) .  Usually 
radar  measurements  are  recorded  every  10  seconds  and  stored  on  magnetic  tapes. 


Fig.  8.3.12  Long  Range  Test  Flight 

The  time  synchronization  of  the  on-board  and  the  ground  based  sensors  Is  accomplished  off-line  with  the 
aid  of  a  time  code  which  is  also  recorded  on  the  magnetic  tapes. 

For  the  Kalman  filter  and  optimal  sawothlng  calculations,  the  error  models  for  the  INS,  radar  and  cine- 
theudolites  described  in  the  preceding  chapters  have  been  used.  The  error  of  a  Doppler  radar  signal  has 
been  illustrated  in  Fig.  8.1.1.  The  predominant  error  is  the  Doppler  fluctuation,  which  can  be  observed 
clearly  in  this  figure  in  comparison  with  the  very  smooth  inertial  velocity.  Velocity  scale  factor  error 
and  heading  error  are  also  contained  in  the  Doppler  navigation  system  error  model. 

The  reference  system  for  the  Doppler  navigation  system  testing  is  realized  in  the  saam  way  as  described 
in  Section  8.3.1,  i.e.  by  combining  off-line  the  measurements  of  the  tracking  radars  with  the  inertial 
on-hoard  measurements.  The  accuracy  of  this  reference  system  is  illustrated  In  Figs.  8.3.13  to  8.3.16. 

They  show  the  accuracy  obtained  by  forward  Kalman  filtering  and  by  backward  smoothing  /the  imorovement 
introduced  by  optimal  smoothing  is  clearly  visible.  When  the  aircraft  flies  out  of  the  radar  coverage  the 
errors  of  velocity  and  position  increase,  as  it  can  be  observed  in  Figs.  8.3.13  and  8.3.14.  This  increase 
is  much  less  for  the  smoother  because  the  “gaps"  between  two  radar  coverages  are  closed  from  both  sides. 
Under  tracking  radar  coverage  the  roll  and  pitch  angles  are  measured  to  10  arc  sec,  the  heading  to  1.5  arc 
min,  the  velocity  to  0.03  m/s  and  the  position  to  2  -  8  m  accuracy  (lo)  by  the  hybrid  reference  system, 
consisting  of  an  INS  and  a  tracking  radar.  Fig.  8.3.15  shows  the  difference  between  the  reference  trajec¬ 
tory  (obtained  by  smoothing  thi  tracking  radar  data  “for  the  long  range  flight  with  the  LN3  inertial  plat¬ 
form)  and  the  radar  measureamnts  (curve  1).  The  accuracies  (lo)  of  the  tracking  radars  (curve  2)  and  the 
reference  trajectory  (curve  3)  are  also  showi.  This  figure  deannstrates  that  the  measurements  of  the  three 
tracking  radars 

-  L4/3 

-  MPS-36 

-  Fledermaus 

have  approximately  the  same  error  dynamics.  This  can  be  explained  by  the  fact  that  these  errors  are  mainly 
caused  by  the  radar  fluctuations  on  the  test  aircraft  KFB  320. 

The  accuracy  that  would  be  obtained  if  Doppler  radar,  rather  than  the  INS,  were  used  to  smooth  the 
tracking  radar  data  has  also  been  analysed.  This  is  shewn  with  the  help  of  Fig.  8.3.16.  This  figure  gives 
a  comparison  of  the  position  measuring  accuracy  (smoothed  estimates)  of  the  two  reference  systems 
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-  INS  and  tracking  radar 

-  Doppler  and  tracking  radar 

for  the  long  range  flight  shown  in  Fig.  8.3.12.  Fig.  8.3.16  shows  the  higher  accuracy  obtained  with  the  INS 
under  radar  coverage  in  comparison  with  the  Doppler  system.  Outside  the  radar  coverage  both  systems  have 
similar  errors.  In  long  periods  between  radar  coverage  the  reference  system  with  a  Doppler  has  a  higher 
accuracy  than  with  an  INS  (in  Fig.  8.3.16  between  4500  and  5500  s),  though  it  should  be  realised  that  the 
Doppler  heading  reference  system  (SYP  820)  was  initially  aligned  to  north  with  the  aid  of  the  LN3  system. 


Fig.  8.3.13  Velocity  Error  of  the  Hybrid  System  (lo) 


Fig.  8.3.14  Position  Error  of  the  1/brld  System  (lo) 


183 


As  examples  of  the  results  of  flight  tests.  Figs.  8.3.17  and  8.3.18  are  shown.  Fig.  8.3.17  shows  the 
difference  between  the  Doppler  radar  measurement  and  the  reference  velocity  for  a  flight  period  of  90  s. 
This  is  a  part  of  the  sample  function  measured  in  a  flight  over  flat  land.  The  mean  value  of  this  sample 
function  has  been  computed  over  200  s,  which  corresponds  to  a  distance  flown  of  12  nm  at  110  m/s.  The  mean 

value  of  the  sample  function  was  0.067  m/s,  which  is  negliqibly  small.  The  standard  deviation  of  this  sam¬ 
ple  function  is  <r  *  2  m/s,  a  value  which  is  several  orders  of  magnitude  greater  than  the  reference  veloci¬ 
ty  accuracy,  so  that  it  can  be  stated  that  this  error  is  due  to  the  Doppler  radar  measurement  only. 


Another  sample  function  has  been  taken  over  water.  Fig,  8.3. 18  shows  the  difference  between  the  Doppler 
radar  measurement  and  the  reference  velocity  for  90  s  flight  time.  The  same  analysis  has  been  carried  out 
for  this  sample  function  showing  a  mear.  error  of  2.2  m/s  and  a  standard  deviation  a  =  1.4  m/s.  The  large 


Fig.  8.3.17  Doppler  Radar  Error  Fine  Structure  as  Measured  with  the  Kelp  of  a  Hybrid  Reference  System  over 
land 


Fig.  8.3.18  Doppler  Radar  Error  over  Mater 
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mean  error  present  in  the  sample  function  is  due  to  the  land/sea  calibration  shift.  The  sample  functions 
show  that  the  fluctuation  error  over  sea  has  smal'er  amplitudes  than  over  land.  The  statements  made  so  far 
refer  to  the  velocity  measured  in  the  aircraft's  longitudinal  axis.  Similar  results  have  been  obtained  for 
the  cross-track  velocity. 

The  results  which  have  been  obtained  in  several  campaigns  of  flight  testing  navigation  systems  of  high 
accuracy  have  shown  that  hybrid  systems  can  provide  reference  Information  about  the  aircraft  attitude, 
heading,  velocity  and  position  with  highest  accuracy,  if  advanced  software  techniques  such  as  optimal 
smoothing  are  combined  with  advanced  instrumentation. 
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9.  application  of  gyroscopic  instruments  to  flight  testing  of  aircraft 


Flight  testing  of  an  aircraft  Is  carried  out  for  a  number  of  reasons  such  as: 

-  New  nr  modified  aircraft  must  be  certified. 

-  Research  objectives  are  studied  with  experimental  aircraft. 

-  The  aircraft  is  used  as  a  "flying  platform"  for  the  evaluation  and  calibration  of  airborne  or  ground 
equipment. 

-  Research  and  teaching  in  a  "flying  classroom". 

The  aim  of  the  flight  test  of  a  new  or  modified  aircraft  is  to  demonstrate  that  the  airplane  or  sub¬ 
systems  of  it  perform  in  accordance  with  certain  sped ficatior s  or  requirements  (Mil.  Specs.,  requirements 
of  national  airworthiness  authorities,  etc.)  or  to  measure  the  deviation  from  these  specifications.  Tests 
are  required  for 

-  Stability  and  control  ("flying  qualities"). 

-  Aircraft  performance. 

-  Systems  (including  avionics  and  navigation). 

-  Structure  (loads  and  flutter). 

The  same  tests  are  often  accomplished  with  experimental  aircraft  to  satisfy  basic  research  objectives. 

Flight  tests  can  he  made  in  steady  state  or  in  non-steady  (dynamic)  flight  conditions.  The  variety  of  para¬ 

meters  which  a>e  involved  in  flight  test'ng  makes  the  design  and  integration  of  the  instrumentation  system  a 
rather  complex  task.  A  comprehensive  analysis  ot  the  principles  and  problems  of  the  design  of  flight  test 

instrumentation  is  presented  in  Volume  1  of  this  AGARDograph  [9.1].  The  general  ideas  laid  down  in  Volume  1 

a^e  also  valid  for  the  gyroscopic  instrumentation  subsystems  under  consideration.  In  addition,  we  have  to 
consider  the  special  requirements  which  exist  for  the  applications  in  dynamic  flight  testing. 

9. 1  Requirements  for  the  Gyroscopic  Instruments 

The  application  of  gyroscopic  instruments  in  aircraft  stability,  control  and  performance  flight  tests 
and  for,  the  calibration  of  airborne  and  ground  systems  places  a  number  of  requirements  on  these  trans¬ 
ducers  These  requirements  are  expressed  in  terms  of  measurement  range,  frequency  response  and  accuracy. 
It  has  already  been  discussed  in  Chapter  1  that  the  non-steady  flight  test  techniques  which  are  used  to 
identify  aircraft  parameters  in  dynamic  flight  conditions,  together  with  advanced  mathematical  evaluation 
procedures, have  increased  these  requirements  in  the  last  decade. 

The  kinematic  nnd  dynamic  quantities  which  are  of  interest  in  these  flight  tests  and  which  can  be  mea¬ 
sured  with  inertial  transducers  are: 

-  the  angular  rates  in  aircraft  body  axes  (roll,  pitch,  yaw) 

-  the  aircraft  angles  measured  with  respect  to  local  level  (attitude)  and  north  (heading) 

-  the  linear  accelerations,  in  aircraft  body  axes  and  also  with  respect  to  local  level  and  north. 

From  these  measured  quantities,  the  aircraft  ground  speed  and  position  can  be  computed  by  dead  reckon¬ 
ing  (see  Chapter  7).  The  requirements  for  the  inertial  transducers  largely  depeno  on  the  characteristics 
of  the  physical  quantities  to  be  measured: 

-  the  frequency  spectrum  of  the  signal  of  interest,  which  depends  on  the  type  of  aircraft  and  mission 
flown  in  the  flight  test,  and 

-  the  frequencies  of  the  noise  corrupting  this  signal. 

The  noise  can  be  generated  within  the  transducers  (e.g,  angular  or  linear  vibrations,  pickoff  noise) 
or  it  can  be  introduced  by  the  electronics  or  the  digitizing  process  (see  Chapters  3  and  4). 

In  order  to  illustrate  the  physical  structure  of  the  quantities  which  have  to  be  measured  in  the  flight 
tests,  we  present  several  sample  functions  of  these  quantities  obtained  during  flight  tests  with  the  DFVLR 
test  airplanes  (DO  28  and  HFB  320;  Figures  8.3.2  and  8.3.10).  These  sample  functions  exemplify  the  diffi¬ 
culty  of  separating  the  signal  of  Interest  from  unwanted  overlying  noise.  This  separation  has  to  be  ac¬ 
complished  by  appropriate  filtering  of  the  sample  functions. 

9.1.1  Sample  Functions  of  the  Measurements  Obtained  with  Strapdown  Gyros  and  Accelerometers 

Figures  9.1  to  9.3  show  sample  functions  of  the  angular  rates  (yaw,  pitch  and  roll)  as  measu'ed,  before 
and" after  touch  down,  without  any  filtering,  on  shock  mounts  in  the  DO  28  airplane  by  the  experimental 
strapdown  system  MOST  (s.  Section  7. 4. 4. 4).  The  digital  data  (angle  increments  divided  by  the  time  incre¬ 
ment)  were  sampled  and  have  been  plotted  with  a  frequency  of  50  Hz.  One  can  observe  that  the  high  frequency 
part  of  the  angular  rate  (>1  Hz)  Increases  after  touch-down  during  the  ground  roll. 


The  angular  rates  have  been  Integrated  in  the  MOSY  strapdown  computer  to  obtain  the  aircraft  angles. 

The  results  are  shown  in  Figures  9.4  to  9.6  (the  roll,  pitch  a  J  heading  angles).  One  can  observe 

that, by  the  Integration  process,  the  "high  frequency  content  of  the  measured  signals  has  been  considerably 

diminished. 

The  corresponding  linear  accelerations  for  the  same  airplane  and  the  same  flight  period  are  shown  in 
Figures  9.7  to  9.9  in  aircraft  body  axes,  measured  by  strapdown  accelerometers  (L)tef  B  250)  and  without 
any  filtering.  Here  again,  the  high  frequency  part  (>  1  Hz)  of  the  accelerations  Increases  after  touch¬ 
down. 

The  sample  functions  of  these  measurements  obtained  with  strapdown  gyros  and  accelerometers  of  high  ac¬ 
curacy  illustrate  the  difficulty  of  distinguishing  the  useful  signal  (angular  velocity,  attitude  and  heading 

For  the  application  in  structural  tests  see  Chapter  1,  for  systems  testing  Chapter  8. 
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and  acceleration  of  the  airplane)  from  what  is  regarded  as  noise  (e.g.  aircraft  vibrations).  This  fact  is 

particularly  obvious  in  the  increase  of  the  noise  level  in  the  Figures  9.1  to  9.3  after  touch-down,  when 

the  aircraft  is  rolling  on  the  grass  field.  The  "noise"  in  these  figures  partly  corresponds  to  angular 

vibrations  of  the  aircraft,  partly  to  effects  in  the  transducers  induced  by  vibrations  or  other  sources 
and  finally,  to  effects  in  the  readout  system. 

The  effect  of  a  simple  integration  process  on  the  noise  level  can  be  observed  in  rmnarinn  the  angles 
(Figures  9.4  to  9.b)  with  the  angular  rates  (Figures  9.1  to  9.3).  A  similar  effect  can  be  seen  when  the 
accelerations  (Figures  9.7  to  9.9)  are  integrated  to  ootain  the  velocities.  It  should  be  noteJ  "..re  that 
the  integration  process  does  not  reduce  the  noise  to  nothing,  but  builds  up  a  "random  walk"  stochastic 
process,  with  a  variance  increasing  with  time  (see  Section  4.3). 

9.1.2  Sample  Functions  of  Measurements  Obtained  with  an  Inertial  Platform 

The  sample  functions  shown  in  Figures  9. 10  *nd  9. 11  have  been  obtained  with  the  LN3-2A  inertial  plat¬ 
form  system  during  a  laboratory  experiment.  The  platform  was  coupled  with  a  digital  computer  via  an  in¬ 
terface  with  two  12  bit  A/D  converters  for  the  accelerations.  The  navigation  equations  were  programmed 
in  this  computer,  and  the  loop  was  closed  in  feeding  the  computed  gyro  torquing  signals  back  into  the 
platform  through  a  12  bit  D/A  interface.  As  a  means  of  obtaining  clear  effects  in  this  experiment,  the 
platform  was  not  aligned  very  accurately  ( 1  to  2  minutes  of  arc  misalignment  in  th,  horizontal  axes  and 
10  to  12  minutes  of  arc  in  the  azimuth)  and  a  north  accelerometer  bias  of  the  o'-der  of  10"?  m/sz  as  well 
as  a  vertical  gyro  drift  of  0.5  °/h  was  not  compensated.  The  INS  was  installed  in  the  laboratory  and  no 
external  accelerations  or  angular  rates  applied  to  it.  Thus  the  accelerometer  output  is  a  measure  of  tie 
earth  gravity  sensed  by  the  accelerometers  in  accordance  with  their  angular  orientation  and  of  the  accele¬ 
ration  measuring  errors.  Figure  9,10  shows  sample  functions  of  the  horizontal  accelerations  and  the  com¬ 
puted  ground  speeds  recorded  during  the  first  seven  minutes  (reading  interval  0.2  seconds).  An  interesting 
feature  is  the  fine  structure  of  the  errors,  particularly  of  the  acceleration  errors:  One  can  clearly 
recognize  quantization  effects.  The  accelerometer  noise  excites  "quantum  jumps"  in  the  A/D  converters  at 
the  level  of  the  last  bit.  It  is  also  remarkable  how  quickly  the  clearly  visible  bias  of  the  north  acce’ero- 
meter  is  integrated  into  a  large  speed  error  (VN). 

It  should  be  pointed  out  that  the  large  platform  errors  introduced  to  make  the  effects  visible  lead  to 
navigation  errors  that  lie  about  one  order  of  magnitude  above  the  errors  of  the  calibrated  LN3-2A  system. 

In  Figure  9.11,  the  acceleration  indicated  by  the  north  accelerometer  is  again  plotted  with  a  reading 
interval  of  14  seconds.  Together  witn  this  sample  function,  the  best  estimate  of  the  gravity  component 
(-gej)  acting  upon  the  accelerometer  due  to  its  angular  orientation  is  shown.  This  estimate  w^s  obtained 
by  applying  the  optimal  smoothing  technique  (Chapter  8)  to  all  the  information  obtained  from  the  inertial 
platform  during  the  experiment.  This  Figure  9.11  may  be  considered  as  a  sample  function  showing  the  accele¬ 
ration  signal  together  with  the  noise  corrupting  this  signal. 

The  physical  structure  of  the  output  signals  of  an  inertial  navigation  system  in  flight  is  illustrated 


Fig.  9.11  North  acceleration  as  measured  by  the  LN3-2A  INS  together  with  the  best  estimate  of  the  gravity 
component  acting  upon  the  accelerometer 
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Fig.  9.12  Horizontal  accelerations  measured  by  a  LN3-2A  INS  during  a  test  flight 
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Fig.  9.13  Velocities  measured  by  a  LN3-2A  INS  during  a  test  flight 
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Fig.  9.14  The  platform  angles  measured  during  a  6-min-interval  of  a  flight  test 

bv  the  Fioures  9.12  to  9.14.  These  figures  have  been  obtained  in  flight  with  the  DFVLR  HFB  320  test  airplane 
usinq  the  LN3-2A  INS.  hgSFe  9.12  shows  the  north  and  east  accelerations  measured  during  a  typical  test 
flight  of  two  hours  duration.  Figure  9.13  shows  the  corresponding  velocities.  (The  vertical  velocity  was 
measured  with  a  baro-inertial  loop).  The  platform  angles  are  plotted  for  a  different  flight  in  the  Figure 
9.14  for  a  flight  period  of  6  minutes. 

9.1.3  General  Conclusions on  the  Requirements  for  the  Gyrocopic  Transducers 

The  sample  functions  of  measurements  of  aircraft  angular  rates,  attitude  and  head1ng  and  linear 
tions.  which  have  been  presented  In  the  preceding  sections,  demonstrate  that  these  physical  V"^1*’** 
highly  dynamic  functions  of  time.  In  addition,  they  are  corrupted  with  overlying  noise  induced  bv  aircraft 
vibrations  or  by  the  measuring  process  itself.  Several  general  requirements  for  the  design of  the  instru¬ 
mentation  with  respect  to  measurement  range,  dynamic  response  and  accuracy  can  be  formulated. 

The  measurinq  range  of  the  gyroscopic  transducers  should  be  as  small  as  allowable,  in  order  to 
the  output  signal  level  and  consequently  the  resolution  of  the  measurement.  The 

mined  by  the  input  signals  which  are  expected  from  the  aircraft  motion  and  from  the  vibration  level.  Thus 
the  range  of  the  measurement  depends  on  the  type  of  aircraft  used  for  the  flight  test  1 ^n?S^oej®H 

billty.  For  yaw  attitude  (heading)  a  range  of  360°  is  required.  Roll  and  pitch  attitude  may  be  +  180°  and 
+  90°  respectively  for  fighter  aircraft  and  +  45°  for  transport  aircraft.  For  fighter  aircraft  pitch  ana 
yaw  rates  up  to  +  100  °/s  and  roll  rates  up  To  several  hundreds  of  °/s  have  to  be  measured. 

The  freouencv  spectrum  of  the  physical  quantities  to  be  measured  (angles  and  angular  rates)  o-  to  be 
computed^angTe^and*rate  dependent  parameters)  has  to  be  studied  in  advance  of  the  measurement.  In  general, 
gyroscopic  instrumentation  has  sufficiently  rapid  response  for  the  medium  frequency  range  of  “P  to  1°  HJ, 
and  also  for  the  somewhat  greater  bandwidth  of  fighter  aircraft  of  up  to  20  hz  (see  Sections  3.3  and  3.4). 
Not  only  the  gyroscopic  sensor  but  also  the  signal  conditioning,  the  recordingsystemandsynchronization 
techniques  employed  have  to  be  chosen  with  sufficiently  high  response  frequencies  In  order  to  an 

adeauate  measurmnent  of  the  physical  quantity  of  Interest.  In  digital  systems  the  rules  for  samplinq  slg 
^tTsoTStl.fied  (see  Sect?on  4.41.  Special  attention  has  to  be  given  to  the  problem  of  separa¬ 
tion  of  the  signal  of  interest  from  the  overlying  stochastic  errors  (see  Sections  4.3  and  8.2). 

The  accuracy  requirements  span  a  wide  range,  gyroscopic  Instruments  of  low  or  medium  accuracy  are  nor¬ 
mally  required  for  aircraft  flight  tests  under  steady  flight  conditions  (0.1°  for  the  angles;  It  of  full 
scale  for  the  angular  rates).  For  performance  testing  and  system  identification  under  dynamic  flight  con¬ 
ditions  gyroscopic  equipment  of  inertial  quality  is  necessary  (a  few  arc  minutes  for  the  angles,  0.1  to 
0.01X  of  full  scale  for  the  angular  rates).  These  accuracies  have  to  be  achieved  under  severe  conditions, 
heavy  g-loads  in  manoeuvers,  linear  and  angular  vibrations  and  shocks,  electromagnetic  interference, 
temperature  effects,  electrical  system  noise,  etc. 


9.2  Conventional  Instrumentation  Systems 

In  the  following  sections  we  shall  describe  typical  sets  of  inertial  sensors  which  are  in  use  as  part  of 
the  overall  instrumentation  systems  for  the  flight  testing  of  aircraft. 

A  typical  conventional  instnmmntatlon  system  as  used  for  stability  and  contr  flight  testing  of  air¬ 
craft  contains  the  following  set  of  inertial  transducers: 
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3  Accel  eroawters 
1  Vert  ice  1  gyro 
1  Directional  gyro 
3  late  gyros 


Section  3.6 
'Section  6.1 1 
Section  6.2' 
Section  3.3). 


In  addition  to  these  Inertial  sensors,  transducers  are  required  for  the  angles  of  attack  and  sideslip, 
for  air  pressure  and  temperature,  for  the  position  of  the  aerodynamic  surfaces,  for  engine  parameters  and 
strain  gages  for  load  measurements,  etc. 


The  package  of  Inertial  transducers  measures: 


-  the  linear  accelerations  In  the  aircraft  body  axes 

-  the  aircraft  attitude  and  heading  with  respect  to  local  level  and  north 

-  the  angular  rates  In  the  aircraft  body  axes. 

For  performance  tests  earth-referenced  measurements  are  often  taken  In  addition  to  the  on-board  measure¬ 
ment?,  using  tracking  radars  or  cinetheodolltes,  to  reconstruct  the  aircraft  flight  path  In  dynamic 
manoeuvers  with  high  precision.  With  this  set  of  on-board  and  ground  Instnmwntatlon,  the  aircraft  dynamic 
state  vector: 


-  the  position  of  the  center  of  gravity 

-  the  velocity  of  the  center  of  gravity 

-  the  aircraft  attitude  and  heading 

with  respect  to  an  earth-referenced  coordinate  system  and 

-  the  linear  aircraft  accelerations 

-  the  aircraft  angular  rates 

In  aircraft  body  axes,  can  be  measured  with  the  accuracy  provided  by  the  sensors  used.  This  accuracy  Is 
determined  by  carrying  out  an  error  analysis  for  the  Inertial  sensor  package  using  the  error  models  deve¬ 
loped  in  the  Sections  6.1  (for  the  vertical  gyro;  and  6.2  (for  the  directional  gyro)  and  in  Section  3.2 
(for  mechanical  gyros).  The  specific  data  for  the  sensors  are  specified  by  the  producer  of  this  equipment. 
Typical  accuracy  figures  for  the  conventional  type  of  Instrumentation  are: 


Measurement 

Accuracy 

Acceleration 

10*3  g 

Attitude 

0.5° 

Heading 

1° 

Angular  rate 

1  *  of  full  scale 

9.3  Instrumentation  Systems  Using  an  Inertial  Platform 

For  performance  flight  testing  and  In  experimental  aircraft  Inertial  platform  systems  are  used  more  and 
more  as  basic  sensors  of  the  Instrumentation  system  [9.2] .  There  are  several  factors  which  favor  the  use 
of  an  Inertial  platform  systam  fur  flight  testing  -  in  particular  their  high  accuracy  (see  Chapter  7). 

These  systems  have  also  became  cheaper  and  more  reliable  during  the  two  decades  of  their  application  to 
military  and  civilian  navigation.  They  are  Insensitive  to  accelerations  -  In  contrast  to  the  vertical 
gyro  -  and  thus  more  suited  for  dynamic  flight  testing.  The  aircraft  and  their  avionics  systems  to  be 
flight-tested  have  become  more  «nd  more  complex,  and  the  accuracy  required  for  their  testing  can  only  be 
achieved  with  Instrumentation  systems  employing  an  Inertial  platform  system.  Finally  a  rvferenco  systam 
for  the  aircraft  attitude,  heading,  velocity  and  position  requiring  extrema  accuracies  Is  always  centered 
around  an  INS,  which  Is  aided  by  external  neasuremants  (see  Section  7.1  and  Chapter  8). 

A  typical  Instruaentatlon  system  of  this  kind  contains  at  present  the  Inertial  platform  and  three  rate 
gyros.  (The  computation  of  the  angular  rates  from  the  platform  angles  may  not  be  sufficiently  accurate  be¬ 
cause  of  the  limited  angle  read-out  accuracy,  even  If  sophisticated  mathematics  like  curve  fitting  is 
alloyed.)  The  measurement  output  list  of  this  Instrumentation  system  will  contain  the  following  parameters 
(air  data  must  be  provided  by  an  air  data  computer): 


Parameter 

Typical  Accuracy 

Bero-lnertlsl  altitude 

depending  on  air  data  accuracy 

True  airspeed 

depending  on  air  data  accuracy 

Ground  speed 

3  m/s 

Latitude 

1  nm  per  hour  of  flight  time 

Longitude 

1  nm  per  hour  of  flight  time 

Wild  direction 

depending  on  air  data  accuracy 

Wind  speed 

Track  angle 

depndlng  on  air  data  accuracy 

Drift  angle 

0.5° 

North  velocity 

1  m/s 

East  velocity 

1  m/s 

Vertical  velocity 

1  m/s 

1 W5 


Parameter  Typical  Accuracy  (continued) 


North  acceleration 

10‘3  g 

East  acceleration 

10~3  g 

Vertical  acceleration 

10'3  g 

True  heading 

20  arc  min 

Pitch 

6  arc  min 

Roll 

6  arc  min 

Yaw  rate 

0.1  *  of  full 

scale 

Pitch  rate 

0.1  *  of  full 

scale 

Roll  rate 

0.1  1  of  full 

scale 

If  the  platform  is  not  located  at  the  aircraft  center  of  gravity,  these  data  must  be  corrected  for 
accelerations  and  velocities  induced  by  aircraft  rotations  around  its  center  of  gravity.  The  calculation 
of  the  flight  path  can  then  be  performed.  Using  additional  air  speed  measurements,  the  angles  of  attack 
and  sideslip  can  be  calculated.  With  these  data,  aerodynamic  and  performance  data  can  be  computed  and  con¬ 
verted  from  an  earth-referenced  coordinate  system  to  the  aircraft  body  axes  -  using  the  platform  angles  - 
and  to  flight  path  axes  -  using  the  angles  of  attack,  sideslip  and  the  flight  path  angle. 

The  use  of  •■edundant  information  from  other  sources  (e.g.  Doppler  Radar,  VOR/DME,  DME/DME,  etc.)  in 
combination  with  the  INS,  using  the  hybrid  techniques  described  in  Chapter  S  or  just  mere  update  methods, 
can  considerably  Improve  the  accuracies  in  the  above  table.  Examples  of  such  applications  In  aircraft  flight 
tests  are  [9.7]  and  [9.8].  In  [9.7]  the  INS  is  aided  using  VOR/DME  and  barometric  altitude  measurements;  in 
[9.8],  the  INS-updates  are  obtained  from  points  of  standstill  of  the  aircraft  on  the  ground  and  from 
knowledge  of  the  runway  profile  during  the  ground  run  of  the  aircraft. 


9.4  Examples  of  Modern  Instrumentation  Systems 

In  this  Section  three  examples  of  modern  instrumentation  systems  are  discussed.  These  systems  employ 
an  inertial  platform  system  together  with  rate  gyros,  body-mounted  accelerometers  and  air  data  sensors  to 
obtain  performance  and  aerodynamic  data  in  dynamic  flight  tests.  The  application  of  these  Instrumentation 
systems  Involves  the  two  main  factors  which  have  influenced  the  design  of  flight  test  instrumentation  during 
the  last  decades:  Dynamic  manoeuvers  are  flown,  and  complex  mathematical  tools  are  employed  to  extract 
aircraft  parameters  -  unobservable  in  steady-state  flights  -  from  the  measured  data.  So  the  requirements 
for  the  gyroscopic  sensors  are  very  stringent. 

9.4.1  DyMoTech  Instrumentation  System 

DyMoTech  (Dynamic  Modeling  Technology)  is  a  program  19. 31  which  was  undertaken  by  the  US  Air  Force  at 
the  Air  Force  Might  Test  Center  (AFFTC)  at  Edwards  Air  Force  Base.  The  objective  of  DyMoTech  is  to  develop 
dynamic  flight  test  techniques  and  the  necessary  modeling  techniques  for  the  identification  of  the  perfor¬ 
mance  characteristics  of  aircraft.  The  test  aircraft  is  the  F-4C. 

The  locations  of  the  transducers  used  in  the  DyMoTech  Instrumentation  system  are  shown  in  the  Figure 
9.15a.  Figure  9.15b  shows  a  block  diagram  of  this  system.  Several  sensor  packages  are  mounted  on  the 
airplane. 

1.  The  Noseboom  Instrumentation  Unit  (NBIU),  with  Sundstrand  Q-flex  accelerometers,  which  comprise  the 
flight  path  accelerometer  (FPA). 

2.  An  air  data  system  with  20  bit  Garrett  digital  quartz  pressure  transducers. 

3.  Two  sets  of  body-a»unted  accelerometers  mounted  in  the  nose  and  tall  sections  of  the  fuselage  to 
determine  body  bending  as  well  as  longitudinal  acceleration  at  the  center  of  gravity. 

4.  An  LTN-51  inertial  navigation  system  with  the  usual  output  of  position,  velocity  and  angles.  The  plat¬ 
form  was  modified  to  obtain  acceleration  and  gimbal  angles  directly.  The  vertical  channel  is  aided  by 
pressure  altitude  (see  Chapter  8). 

j.  A  high  accuracy  three-axis  rate  gyro  package  to  measure  the  angular  rates.  An  angular  accelerometer  for 
pitch  acceleration. 

6.  Engine  instrumentation  and  sensors  for  the  aerodynamic  control  surface  movements. 

The  accelerumter  outputs  are  sampled  at  sixty  samples  per  second  as  are  the  angles  of  attack  and  side¬ 
slip.  the  rate  gyros  and  the  angular  accelerometer.  The  aerodynamic  surface  positions  are  sampled  at  thirty 
samples  per  second  and  the  engine  parameters  at  five  samples  per  second.  The  INS  data  are  also  output  at 
five  samples  per  second.  For  highly  dynamic  maneuvers  the  INS  accelerations,  velocities  and  angles  might 
be  required  at  *  higher  rate. 

The  DyMoTech  program  was  started  in  1974  and  the  F-4C  test  aircraft  was  Instrumented  in  1978.  The  in¬ 
strumentation  is  obviously  redundant,  so  that  diffe,-ent  methods  for  extracting  the  flight  path  acceleration 
simultaneously  fro*  separate  measurement  systems  can  be  compared  In  flight.  The  Instrumentation  has  the 
required  high  accuracy  to  obtain  the  aircraft  performance  data  from  dynamic  flight  maneuvers. 
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Figure  9.15a:  DyttoTech  Instrumentation  System 

Rack  mounted  instrumentation  includes: 
o  INS  (LTN-51) 
o  Rate  gyro  package 
(j  Angular  accelerometer 
c  FVD  section  accelerometer 


mm. 

TRANSDUCERS  : 
POSITIONS 
TEMPERATURES 
PRESSURES 
ACCELERATIONS 
ANGULAR  RATE 
VOLTAGES 
INS  ANALOGS 


DIGITAL 

TRANSDUCERS 

AIRSPEED 
ALTITUDE 
FUEL  FLOW 
TIME  CODE 
INS  DIGITAL 
ENGINE  RPM 


Fig.  9.15b  Block  diagram  of  the  DyHoTech  Instrumentation  System 
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9.4.2  Instrumentation  for  Dynamic  Testing  at  the  National  Aerospace  Laboratory  ( NLR ) 

A  different  system  for  dynamic  testing  has  been  developed  and  flight-tested  by  the  Delft  University  of 
Technology  and  the  National  Aerospace  Laboratory  (NLR)  in  the  Netherlands  [9.4].  This  equipment  has  been 
flight-tested  and  improved  in  different  airplanes  since  1967  (DHC-2  Beaver,  Hawker  Hunter  MK  VII  and  Fokker 
F28  Fellowship).  The  purpose  of  these  flight  tests  was  to  study  the  influence  of 

-  the  aircraft  input  signal  (dynamic  maneuvers), 

-  the  instrumentation  system,  and 

-  the  data  ana'ysl*  technique 

on  the  accuracy  of  the  aircraft  parameter  determination  from  a  single  dynamic  maneuver  [9.5]  and  [9.6], 

As  an  example  of  this  measuring  technology,  the  Instrumentation  system  developed  by  the  NLR  for  the  Fokker 
F28  Fellowship  will  be  considered.  This  instrumentation  system  is  shown  in  Figure  9.16a.  Figure  9.16b  shows 
a  block  diagram  of  this  system.  It  consists  of 

1  Inertial  Measurement  and  Conditioning  System  (IHAC) 

1  Air  Data  Measurement  System  (DRUM) 

4  Flight  Data  Acquisition  Units  (FDAU)  (to  measure  engine  parameters,  control  surface  deflections,  etc.) 
1  Litton  LTN-58  Inertial  Sensor  System  (ISS) 

1  Avionics  Data  Acquisition  System  (CADAS) 
and  a  tape  recorder  for  data  storage. 


Fig.  S.16a  NLR  Instrumentation  System  for  the  F28  Aircraft 


The  INAC  contains  three  accelerometers  (SAGEM  106Z5  A)  and  three  rate  gyroscopes  (Honeywell  DGG87B7)  in 
a  temperature  controlled  environment.  The  alignment  accuracy  of  the  sensor  axes  with  respect  to  the  air¬ 
craft  axes  is  in  the  order  of  0.01  degrees.  The  IMAC  is  mounted  near  the  center  of  gravity  of  the  airplane 
in  o."der  to  eliminate  the  effect  of  elastic  deformation  of  the  aircraft  on  the  measurement.  The  output  sig¬ 
nals  are  synchronized  to  within  1  ms.  The  six  output  channels  are  sampled  jt  a  rate  of  64  samples  per  sec¬ 
ond,  and  converted  from  analog  to  digital  using  16  bit  A/D  converters.  Static  accuracies  of  10‘4  g  and 
10'd  degrees/second  are  reached  with  these  sensors.  The  measurement  range  is  +  10  degrees/second  and 
+  2.5  g. 
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Fiy .  9.16b  Block  Oiagram  of  the  NIR  Instrumentation  System 


The  DRUM  system  contains  pressure  transducers  for  static  pressure,  for  impact  pressure  and  for  change 
of  static  pressure  since  the  start  of  the  maieuver  (static  pressure  minus  pressure  in  a  flask  closed  at 
(.hat  moment).  The  static  accuracies  ane  SO,  10  and  1  na,  respectively.  Static  pressure  is  obtained  from  a 
trailing  cone  with  a  time  constant  of  1  to  2  seconds,  which  can  be  estimated  with  an  accuracy  of  about  5  1. 

Oata  from  IMAC  and  DRUM  are  processed  In  a  Kalman  f ilter/saoother,  which  provides  an  accurate  estimate 
of  the  state  vector  during  the  maneuver:  three  air  velocity  components,  three  attitude  angles  and  altitude. 
The  Kalman  fitter  assumes  that  the  wind  speed  and  direction  are  constant  during  the  maneuver.  This  assump¬ 
tion  can  be  checked  later  by  a  comparison  of  the  calculated  air  velocities  with  the  ground  velocities 
measured  by  the  LTN-58. 

From  the  state  vector  the  angles  of  attack  and  sideslip  can  be  calculated  with  an  accuracy  of  0.05  de¬ 
grees.  Further  calculations  can  provide  lift  and  drag  coefficients  and  stability  derivatives. 

9.4. J  Integrated  Instrumentation  System  Used  at  DFViR 

The  DFVLR  is  operating  the  twin-jet  HFB  320  (see  Figure  8.3.10)  at  Braunschweig  as  an  experimental  air¬ 
craft  for  research  projects  in  the  fields  of  guidance  and  control  and  flight  mechanics.  This  aircraft  has 
a  digital  electrohydraulic  control  system  (fly-by-wire  system)  and  a  complex  flight  control  unit  for  fully 
automatic  control  of  the  aircraft  awvements.  The  aircraft  is  used  for  flight  tests  of 

-  digital  Integrated  flight  control  systems 

-  integrated  navigation  systems 

-  new  operational  procedures  (steep  approaches,  4D-co«wtand  control,  flight  procedures  with  an  MLS,  etc.) 

-  improved  handling  qualities  through  digital  control  (direct  1 ift  control ) 

-  methods  for  aircraft  state  and  parameter  identification  in  dynamic  f.  >jht  conditions. 

The  aircraft  is  equipped  with  an  instrumentation  system  'Figures  8.3.11  and  9.17a)  containing  the 
inertial  transducers 
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The  inertia)  transducers  provide  the  following  outputs: 


-  angular  rates 

-  accelerations  in  the  body  axes 

-  attitude  and  heading  from  VS  and  DG  and  INS 

-  accelerations  in  earth-referenced  axes  f rows  the  INS  (east,  north,  vertical) 

-  ground  speed  components 

-  position  d,  a  (longitude  and  latitude). 

The  accuracies  of  these  measurements  are  shown  in  the  following  table: 


Parameter 

Accuracy 

Angular  rates 

0.5  -  O.G  t  of  full  scale 

Body  acceleration 

0.2  l  of  full  scale 

Attitude  (VG) 

0.5°  unaccelerated  flight 

Heading  ('<>) 

0.25  -  0.5°  (free  or  slaved  to  compass) 

attitude 

heading 

INS  aaceleratlon 
velocity 
position 

0.1° 

0.3° 

better  than  0.1  t  of  full  scale 

3  m/s  (unaided) 

2  nm  (unaided) 

The  (analog)  navigation  computations  of  the  LN3-2A  platform  have  been  replaced  by  a  digital  algorithm 
In  the  on-board  computer.  Including  the  capability  of  aiding  the  INS  by  external  (radio)  sensors,  like 
VOR/DNE,  multiple  OME  or  Dopplir  radar.  In  this  aided  mode  the  data  provided  by  the  platform  are  Improved 
(see  Chapter  8)  corresponding  to  the  accuracy  of  the  external  sensors. 

9.5  future  Trends 

The  introduction  of  Control  Configured  Vehicle  (CCV)  technology  In  military  and  civilian  aircraft  wil' 
intensify  the  tendency  to  more  sophisticated  Integrated  Instrumentation  systems.  Future  aircraft  will  con¬ 
tain  cnaplex  digital  guidance  and  control  and  avionics  systems,  the  flight  testing  of  which  will  Increase 
vhe  requirements  for  accuracy  and  dynamic  performance  of  the  transducers  to  be  used.  Flight  testing  of 
these  aircraft  under  dynamic  conditions  and  the  application  of  advanced  mathematical  methods  to  obtain  the 
aircraft  ,  -ameUrs  ar-*  their  derivatives  with  hig.i  precision  and  for  a  minimum  of  flight  vest  time  will 
promote  the  introduction  of  inertial  navigation  systems  (platform  and  especially  strapdown  systems)  as 
fligh*  tesi  Instruments 

W.ien  the  strapdown  systems  (Section  7.4.4)  have  reached  the  same  state  of  maturity  as  the  platform 
systems  of  today  they  will  became  the  ideil  Inertial  instrumentation  sysfem  for  flight  test  use.  These 
systems  provide  the  complete  set  uf  inertial  Information  which  Is  of  Interest  to  the  flight  test  engineer 

-  the  angular  rates, 

-  the  aircraft  angles, 

-  the  linear  accelerations. 

-  the  ground  velocities,  ano 

■  tfie  aircraft  pos'‘;o,  (  he  flight  path). 

T^.-  data  are  wel ;  synchronized  and  of  high  accuracy,  and  contain  frequencies  up  to  5  or  10  Hz  (see 
Table  7.7.1b).  '"  ■•r  flutter  measurements  In  the  va  -y  high  frequency  range,  linear  and  angular  acceleroeieters 
and  rate  gyros  wnl  still  be  used. 

For  very  high  required  accuracies  In  the  low  frequency  range  the  strapdown  systems  can  be  velocity  or 
position  aided  (see  Chapter  8)  by  means  of  external  sensors.  Ilka  Ooppur  radars,  radio  navigation  systems, 
tracking  radars,  etc.  In  these  hybrid  systems,  the  complete  set  of  inertial  information  is  Improved  with 
respect  to  accuracy. 

With  the  introduction  of  laser  gyros  fur  the  new  generation  of  transport  aircraft  (A310,  8767),  these 
sensors  will  also  became  mature  for  applications  ir.  flight  testing.  Thu  laser  gyros  tend  to  eliminate  the 
disadvantage  of  mechanical  gyros  -  their  sensitivity  to  vibrations.  Strapdown  systems  (attitude  and  heading 
reference  systems  and  navigation  systams)  with  laser  gyros  will  then  find  their  application  In  the  flight 
testing  of  aircraft. 
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14.  Abstract 

This  AGARDograph  is  the  15th  of  the  AGARD  Flight  Test  Instrumentation  Series  and 
discusses  gyroscopic  instruments  and  their  application  to  flight  testing.  Gyroscopic 
instruments  are  used  in  flight  tests  to  measure  the  aircraft  angular  accelerations  and  rates, 
attitude  and  heading  and  -  in  combination  with  accelerometers  -  the  linear  acceleration, 
the  ground  velocity  and  the  position.  This  volume  describes  the  measuring  principles, 
the  technical  lay-out  and  the  error  behaviour  of  the  sensors  and  systems  used  for  these 
measurements:  gyroscopes,  accelerometers,  attitude  and  heading  references  and  inertial 
navigation  systems.  Attention  is  also  given  to  integrated  and  hybrid  sensor  systems,  as 
they  are  in  use  in  modem  instrumentation  systems.  Examples  of  actual  flight  instrumenta¬ 
tion  systems  are  described  and  the  requirements  for  the  gyroscopic  sensors  in  these  systems 
are  discussed  for  applications  in  aircraft  stability  and  control  flight  tests,  in  performance 
tests  and  in  airborne  and  ground  systems  calibration  and  testing. 

This  AGARDograph  has  been  sponsored  by  the  Right  Mechanics  Panel  of  AGARD. 
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